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ABSTRACT
Emerging markets for wearable electronics have stimulated a rapidly growing demand for the
commercialisation of flexible and reliable energy storage and conversion units, which
includes batteries, supercapacitors, and thermo-electrochemical cells (thermocell). Among
them, thermocell have attracted significant research attention in recent years owing to their
ability to continuously convert body heat into electrical energy. The commercial viability of
wearable thermocells has long been limited by their low power output and complex
fabrication methods. Great progress has been made in developing flexible electrode materials,
gel electrolytes and encapsulation materials. However, it is still a main challenge to develop
flexible electrodes on a various-scale and in a cost-effective manner. At present, carbon
electrodes are commonly fabricated using a vacuum filtration method. However, fine carbon
nanoparticles can be drawn through the filter paper pores via suction force, resulting in
blockage of the filtrate and wastage of the ink materials. Meanwhile, this fabrication method
is time consuming and reduces the overall fabrication efficiency of devices. Therefore,
additional fabrication methods exert pressure on developing simple and scalable techniques,
such as laser-etching, 3D printing, and drop coating.

The main goal for this study is to fabricate high performance electrodes for wearable
thermocell

devices

in

simple

and

scalable

ways.

A

wearable

poly(3,4-

ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS or PEDOT: PSS) based film
was firstly prepared via a laser-etching method and assembled to be wearable all-solid-state
thermocell. For applications of this wearable thermocell, a flexible watch-strap shaped
thermocell that could harvest body heat, charge supercapacitors, and light a green LED. This
systematic investigation and optimization of 3D structured laser-etched electrode, gel
V

electrolyte, and device architectures introduced has great significance for the realization of
body heat harvesting and application in real self-powered wearable electronics.

In the following work, we have fabricated a flexible, cost-effective, and 3D porous allpolymer electrode on an electrically conductive polymer substrate via a simple 3D printing
method. Due to the high degree of electrolyte penetration into the 3D porous electrode
materials for redox reactions, the all-polymer based porous 3D electrodes deliver an
increased power output of more than twice that of the film electrodes under the same mass
loading using either n-type or p-type gel electrolytes. To realize the practical application of
our thermocell, we fabricated 18 pairs of n-p devices through series connection of single
devices. The strap shaped thermocell arrangement was able to charge up a commercial
supercapacitor to 0.27 V using the body heat of the person upon which it was being worn and
in turn power a typical commercial lab timer.

Furthermore, thermocell application was broaden with solar energy. Solar induced thermal
energy is a vital heat source supplementing body heat to realize thermo-to-electric energy
supply for wearable electronics. In this work, a wearable photo-thermo-electrochemical cell
(PTEC) is firstly fabricated through the introduction of a polymer-based flexible
photothermal film as a solar-absorber and hot electrode, followed by a systematic
investigation of wearable device design. The as-prepared PTEC single device shows
outstanding output voltage and current density of 14.3 mV and 10.8 A m-2, 7.1 mV and 8.57
A m-2, for the device employing p-type and n-type gel electrolytes, respectively. Benefiting
from the equivalent performance in current density, a series connection containing 18 pairs of
p-n PTEC devices is effectively made, which can harvest solar energy and charge
supercapacitors to above 240 mV (1 sun solar illumination). Meanwhile, a watch-strap

VI

shaped flexible PTECs (8 p-n pairs) that can be worn on a wrist is fabricated, and the realised
voltage above 150 mV under light shows the potential for use in wearable applications.
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ABBREVIATIONS

2D

Two dimension

3D

Three dimension

ACT

Activated carbon textile

CNT

Carbon nanotube

CPs

Conducting polymers

CV

Cyclic voltammetry

CAD

Computer aided design

CA

Chronoamperometry/Chronocoulometry

CMC

Carboxymetgycellulose sodium

CNC

Cellulose nanocrystals

cm

Centimetre

DEG

Diethylene glycol

EIS

Electrochemical impedance spectroscopy

EFG

Edge-functionalized graphene

ESA

Electroactive surface area

ESR

Equivalent series resistance

fPT

Flexible photothermal electrode materials

GA

Glutaraldehyde solution

h

Hour

HPA

Hypophosphorous acid

ITO

Indium Tin Oxide
VIII

Isc

Short circuit current

FeCl2·4H2O

Iron(II) chloride tetrahydrate

FeCl3

Iron(III) chloride

KT

Kapton tape

LSV

Linear Sweep Voltammetry

LED

Light emitting diode

M

Mole per litre

m

Metre

mA

Milliampere

mV

Millivolt

min

Minute

MWCNT

Multi-walled carbon nanotube

nm

Nanometre

PANi

Polyaniline

PDMS

Poly (dimethylsiloxane)

PEDOT/PSS
(PEDOT: PSS)

Poly(3,4-ethylenedioxythiophene)/polystyrene sulfonate

PVA

Poly (vinyl alcohol)

PPy

Polypyrrole

PET

Polyethylene Terephthalate

PTEC

Photo-thermo-electrochemical cell

PTEG

Photo-thermoelectric generator

K4 Fe(CN)6·3H2O

Potassium hexacyanoferrate
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K3Fe(CN)6

Potassium ferricyanide

Pt

Platinum

s

Second

SCs

Supercapacitors

SEM

Scanning electron microscopy

SWCNT

Single-walled carbon nanotube

SubFT

Flexible substrate

Se

Seebeck coefficient

Rct

Charge transfer resistance

t

Time

ToE

Thermo-to-electric

TEGs

Thermoelectric generators

TECs

Thermocells

ΔT

Temperature difference

V

Volt

Voc

Open circuit voltage

W

Watt

Ω

Ohm

µ

Micro
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Chapter 1 Introduction
This chapter is adapted from the review article, “3D‐Printed Wearable Electrochemical
Energy Devices”, by Zhang, Shuai, Yuqing Liu, Junnan Hao, Gordon G. Wallace, Stephen
Beirne, and Jun Chen. This article was published in Advanced Functional Materials (2021):
2103092. Adapted with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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1.1

The energy problem

There are many issues arising from the use of energy: greenhouse gas emissions, widespread
melting of ice, noticeable climate changes, rising sea levels, and dependency on depleting
supplies of fossil fuels— especially from politically unstable regions of the world.[1] Global
population growth exacerbated conflicts over water, energy, food, climate, and transportation
infrastructure which resulted in the energy crisis during the 1970s to 1980s. This has led to
the development of renewable energy and energy-saving measures. Since energy supplies
finally meet the needs of society, these plans are scaled back.[2] In 2007, the world’s primary
energy use increased by 2.4%, which has put tremendous pressure on global energy
supply.[3,4]Data from the United States Department of Energy (Figure 1.1) show the constant
rise in the world’s energy consumption from 1980.[5] In the next 20 years, they also predict
that world energy consumption will increase by 20%. The continuous consumption of fossil
fuels and their adverse effects on climate change has prompted people to conduct research on
renewable energy, alternative energy and green energy systems.[6–8] Development of new
materials and engineering improvements for energy conversion systems, capable of
harnessing non-traditional energy power sources are crucial which can reduce the pollution
generated from energy production.[9]
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Figure 1.1 Values and forecasts of world energy consumption from 1980 to 2030 (by The
United States Department of Energy). Repoduced from ref.[5] with permission from Elsevier.

1.2

Energy devices

With the continuous growth of energy demand and the depletion of fossil fuel resources, it is
necessary to build an environmentally friendly society supported by renewable energy such
as solar, wave and wind energy.[1,10,11] Therefore, to ensure the full utilization of these
intermittent energy sources, reliable and cost-effective energy systems have attracted great
attention in various applications ranging from vehicles to microchips.[12,13] Energy devices
(including batteries[14], supercapacitors[15], solar cells, thermocells[16], and thermoelectric
generators[17], etc.) are being studied extensively as alternative power sources for electronics
market demands as they provide high energy density, power density, and pollution-free
operation. At present, power sources that combine energy harvesting and storage devices
have been spotlighted as a powerful solution for realizing energy systems, and they are on the
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verge of a creative breakthrough moving to the society. Energy storage devices, such as
rechargeable batteries and electrochemical supercapacitors, represent promising energy
storage systems with high energy and power densities.[18,19] Energy harvesting devices, such
as thermoelectrochemical cells, can successfully convert energy harvested from the ambient
environment into electricity.[16,20] These state-of-the art energy devices are powering daily
lives, being used in devices such as implantable medical devices, remote micro-sensors and
smart cards.[21] However, traditional power sources with bulky and rigid structure becomes a
bottleneck for the rapid development of wearable smart electronics. To meet needs of nextgeneration wearable electronics, power supplies with high flexibility, bendability, and
stretchability have received widespread attention. Figure 1.2 illustrates wearable energy
devices for wearable electronics.

Figure 1.2 Illustration of next-generation wearable energy devices for wearable electronics.

1.3

Wearable thermo-electrochemical cells

The emergence of wearable electronic devices has stimulated the demand for flexible,
lightweight, and high-efficiency power supply devices. Among versatile energy devices,
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wearable thermocells (also called thermo-electrochemical cells) are promising devices for
harvesting body heat for the sustainable conversion of energy.[22] Thermocells have attracted
significant research attention in recent years owing to their ability to continuously convert
body heat into electrical energy. The commercial viability of wearable thermocells has long
been limited by their low power output and complex electrode fabrication methods.[22] The
goal of my project is to develop flexible electrodes for wearable thermocells.

1.3.1 Mechanism

A mechanism diagram of thermocell in this study has been shown in Figure 1.3.[23] The
thermocell includes two electrodes, immersed in an electrolyte containing redox couples (e.g.
Mm+ and Mn+), that are exposed to ΔT (different temperatures). The different temperatures or
also called thermal gradient causes a difference in the redox potential of the electrolyte at the
electrodes; the ΔT of redox reaction gives rise to oxidation of the redox couple at anode and
reduction at cathode. Electrons extracted at the anode by oxidation, travel through an external
circuit to be consumed at the cathode via reduction, thus resulting power generation. This
electrochemical reaction can theoretically continue indefinitely because the reduced species
can transport through the electrolyte by convection, diffusion, and migration to the anode,
where they are oxidised. Then, the oxidised species are transported back to the cathode,
therefore forming a continuous reaction loop.[22–24]
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Figure 1.3 The configuration and working mechanism of an electrochemical-thermocell
device. Reproduced with permission.[23] Copyright 2021, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

1.3.2

Evaluation of thermocell

Four major parameters for evaluating the performance of a thermocell is Seebeck coefficient,
temperature gradient, normalized area power density, and power conversion efficiency.[22]
1.3.2.1

Seebeck coefficient

Power output of a thermocell device can be determined by a magnitude of the potential
difference that generated for a given temperature gradient.[24] The potential difference
generated in the thermocell is dependent on the reaction entropy of redox couples across the
cell. The redox reaction can be expressed as:[22,24,25]
A + ne− → B
The Seebeck coefficient, Se is calculated by:
∂E
Se = ( ) t = ∞
∂T
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Equation 1.1

1

= (nF) ∗ [(sB + ŝB )-( sA + ŝA )-ns̅e ]

Equation 1.2

N is the number of transferred electrons, sA and sB are the partial molar entropies of species
A and B, F is Faraday’s constant, ŝA and ŝB are their Eastman entropies. In the external
circuit, s̅e is the electrons transported entropy, this value is negligible compared to ŝA and ŝB
in most solutions; s̅e , being in the order of uVK-1, also can be negligible. The formula can be
expressed as:
∂E
𝑛𝐹 ( ) t = ∞
∂T
= sB − sA

Equation 1.3

increasing the Seebeck coefficient, the potential difference across the thermocell will
theoretically increase so as to enhance the current density.[22] Most of the developed
thermocells are based on the liquid electrolyte system, where the p-type redox couples of
Fe(CN6)3-/4- (with a negative sign of Se) and n-type redox couples like Fe2+/Fe3+ (with a
positive sign of Se) are the most studied because the large entropy change between oxidants
and reductants in solvents.[23] In order to develop the entropy change of redox couples for a
high Se, there are two methods: firstly, using different solvent systems via varying the
solvation shell of the redox active species (e.g. ionic liquids, organic solvents, and water); the
incorporation of additives (like α-cyclodextrins for I-/I3- and chaotropic cations for Fe(CN6)3/4-

); secondly, developing different counter ions, such as NTf2- Cl- for CoII/III(bpy)32+/3+ and Cl-,

SO42-, NO3-, ClO4- for Fe2+/3+.[23]

1.3.2.2

Thermal conductivity

In addition to Se, thermal conductivity as a major parameter for evaluation of thermocell.[16,22]
Thermocells harvest thermal energy through the temperature-dependent electron transfer
between redox couples and electrodes, and typically exhibit higher Se. Due to the design of
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thermocell, the ambient temperature should transfer from electrode to electrolyte, thermal
energy will be lost during the heat transfer process. Therefore, the requirement of electrode
should have a high thermal conductivity which enhances the heat transfer efficiency from
ambient temperature to electrolyte.[16,22,26]

1.3.2.3

Normalized area power density

Another key factor for evaluating thermocell performance is normalized area power density,
it reflects how much power that can be generated per unit area.[27]
The maximum power is
Pmax = 0.25Voc × Isc

Equation 1.4

The maximum normalized area power density is
Pdensity = Pmax /A

Equation 1.5

Where Isc is the short circuit current, Voc is the open circuit voltage, A is the cross-sectional
area of the cell. The areal power density (Parea) is normalized to the ΔT2 to take into account
the difference performance of thermocells. Theoretically, thermocell performance should
have high power density (Parea),
Parea = Pdensity /ΔT 2

Equation 1.6

In Equation 1.4, the electrical output power is defined as the maximum value, Pmax, which
occurs when the internal resistance is set equal to the external load resistance of the cell. Pmax
can be obtained from experimental characteristic curves of potential difference, Voc, versus
current, Isc. For example, Voc–Isc curves are linear, it is easy to show that Pmax is given by the
rectangle of greatest area under the Voc–Isc curve. So Pmax = 0.25Voc* Isc is expressed in
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Equation 1.4. The maximum normalized area power density can be expressed in Equation
1.5, Pdensity is normalized to the cross-sectional area of cell to take into account the difference
in area of thermocells. Equation 1.6 is normalized to the ΔT2 to consider the difference in ΔT
of thermocells run at different operating temperatures.

1.3.2.4

Power conversion efficiency

So far, low power output and conversion efficiency are the most significant factors that limit
the realistic application of thermocells. The energy conversion efficiency (η) of the
thermocells is expressed as following:[28]

η=

1/4VocIsc

Equation 1.7

𝐴𝑘(ΔT/d)

Short-circuit current and open-circuit voltage are Isc and Voc, respectively. The thermal
conductivity of the electrolyte is κ, ΔT is defined as the applied temperature difference at
electrode/electrolyte interface and d is the electrode separation distance, A is the crosssectional area of the cell. Many published papers reported thermo-electrochemical devices
have an energy conversion efficiency of＜1 % (relative to the Carnot engine).[28] Nevertheless,
some recent studies have said that when combined with high surface area carbon electrodes,
the conversion efficiencies could go up to 3.95 %.[22,28] Some estimates illustrated that a
conversion efficiency from 2 % to 5 % would be enough for commercial thermocell
applications.[22] However, this also depends on the performance of various electrode materials
and the versatile fabrication methods for wearable thermo-electrochemical cells.
In addition to aboved mentioned factors, the exchange current density (JSC) is also a
significant element to achieve the high-power output of thermcell.[16] Generally, the exchange
current density is mainly dependent on two terms. The charge transfer resistance on the
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interface of between the electrode/electrolyte; and the electric transport ability of the
electrode materials. Thus, electrode materials with the high catalytic surface, high electrical
conductivity, and large surface area are highly promising.

1.3.3 Requirements of wearable thermo-electrochemical cells

Conventional thermocell consist of electrode materials, liquid electrolyte and package
materials. The electrode materials is not flexible, meanwhile with liquid electrolyte,
conventional thermocell requires high-standard safety encapsulation materials and
technologies, which usually makes the device bulky and expensive. With the increasing
demands for next-generation wearable electronics, such as photovoltaic cells and smart
watches, conventional thermocells can no longer meet the needs of the market. Prototype
wearable thermocells from innovative flexible electrodes (having unique well-defined nano
or micro-porosity) integrated with and containing self-healing redox gel-electrolyte are
attracting increasing interest (Figure 1.4).

Figure 1.4 Configuration of innovative wearable thermocell.
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As shown in Figure 1.4, the configuration of wearable thermocell requires every component
to be flexible. Generally, soft and bendable plastics, such as polydimethylsiloxane (PDMS)
and soft membranes are usually used as packaging materials due to their low weight and high
flexibility.[16,29,30] Liquid electrolytes usually used in conventional thermocell are easy to leak,
which is hard to realize the integrity and flexibility of the whole device, so there is a need to
use gel electrolytes. Since the performance of wearable thermocell device is greatly
dependent on the electrode materials, flexible electrode materials with high performance need
to be prepared.

From what has been discussed above, the thermocells need to be thin, efficient, wearable, and
allow passive body-heat harvesting to continuously power low-power wearable sensors and
devices in intimate contact with or close to the human body. They will either supplement or
replace batteries and supercapacitors. Increasing thermocell efficiency could also result in
significant energy efficiency and economic boosts for major industry, where vast quantities
of energy are also lost as waste heat. Therefore, two key elements of assembling high-quality
wearable thermocell device are flexible high performance electrodes and solid-state
electrolytes.

1.4

Electrode materials

1.4.1 Carbon electrode materials

Carbon nanomaterials such as 1D carbon nanotubes (CNTs) and 2D graphene, consisted of
conjugated sp2 carbons structures, have been extensively studied for wearable thermocell
devices.[16,20,24,31] Carbon nanotubes are tubular allotropes of carbon with a graphite
structure.[32] There are two types CNTs: single-walled carbon nanotubes (SWCNTs) and
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multi-walled carbon nanotubes (MWCNTs) (Figure 1.5a). In recent years, carbon nanotubes
have attracted great interest in the development of high-performance wearable thermocell
devices due to their high conductivity, unique pore structure and good mechanical stability.[24]
In Ray Baughman’s group, a CNT buckypaper was made from a network of multi-walled
carbon nanotubes (MWNT) by vacuum filtration (Figure 1.5b). Thermocell set up is shown in
Figure 1.5c, power output (1.8 W m-2) of MCNT- buckypaper scrolls was 33% higher than
that of platinum under the same electrolyte system with a temperature difference of 60 °C.
This electrode provided fast redox-mediated electron transfer and high electrochemically
accessible surface areas, which could increase current density and overall efficiency. The
latter with MWNT buckypaper scrolls as electrodes was shown to be as 1.4 % of Carnot
efficiency, which was 17 % higher than a previous thermocell using the Fe(CN)63-/4 redox
couple.

Figure 1.5 (a) Schematic structures of two types CNTs: SWCNT and MWCNT. Reproduced
with permission.[32] Copyright 2013, SAGE Publications. (b) SEM micrograph of MWNT
buckypaper, (c) Thermocell set up with MWNT scrolls as electrodes. Reproduced with
permission.[24] Copyright 2010, American Chemical Society.
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However, although the conversion efficiency of MCNT buckpaper was 1.4%, which was
relative lower for the thermocell. In order to improve the performance of thermocell, novel
electrode was further examined by Jun et al. that using SWNT-rGO (single walled carbon
nanotube–reduced graphene oxide).[27] Graphene is a single-layer graphitic carbon, singleatom-thick, which attracted great attention as a potential electrode for wearable thermocell
devices because its high electrical properties and large surface area (Figure 1.6a).[33] SWNTrGO exhibited fast electron transfer kinetics and Nernstian behavior with the Fe(CN)63-/4
redox couple. SWNT-rGO have been developed in thermocell applications with promising
results. The main advantage of using SWNT-rGO is porous electrode with larger active area
which allowed a higher exchange current density between the electrode and electrolyte.[27]
Therefore, compared with flat carbon materials, this porous electrode facilitated the larger net
current densities (as shown in the Figure 1.6b). In addition, a non-stacked single composite
electrode produced the power of 460 mW m−2, but stacked electrodes produced the power of
1850 mW m−2 (Figure 1.6c and 1.6d). Furthermore, 10 stacked film configurations of SWNTrGO film electrodes, resulting a conversion efficiency of 2.6 %, which was higher than that of
MCNT buckpaper electrode.
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Figure 1.6 (a) Schematic diagram of one single-layer grapheme structure. Reproduced with
permission.[33] Copyright 2014, Springer Netherlands. (b) Micrographs of SWNT-rGO
composite cross-section film, (c) Diagram of the stacked electrode configuration, (d) (current
density-JSC) with (potential-VOC) and (power density- Pdensity) with V (potential) curves
obtained using fabricated electrodes at ΔT = 31 oC. Reproduced with permission.[27]
Copyright 2013, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

1.4.2 Conducting polymer electrode materials

Besides carbon electrodes, conductive polymers (CPs) are attracting increasing interest as
electrode materials for wearable thermocell, owing to their low-cost, light weight, ease of
preparation, and most importantly, their flexible nature.[16,23,34] The most commonly studied
CPs in the field of wearable thermocell devices is poly (ethylenedioxythiophene) (PEDOT),
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since PEDOT has a high conductivity, meanwhile represents a simple experimental
process.[34] Moreover, the addition of PSS could increase its solubility in water and film
formability.[35] Therefore, PEDOT: PSS is a good candidate of flexible electrode for wearable
thermocell, which needs to be explored in the future. In Crispin’s group, PEDOT: PSS films
were first treated by a secondary dopant with dimethylsulfoxide (DMSO).[36] The developed
films were used as electrodes for thermocell application. After DMSO treatment of the
conductive PEDOT-PSS core and insulating PSS shell structure, the excess hydrophilic PSS
was separated into nano-domains, therefore creating an interconnected network of highly
conducting PEDOT: PSS which is shown in Figure 1.7. In addition, electrical conductivity of
electrodes is also the key element affecting thermocell performance. This PEDOT: PSS
network greatly increased the electrical conductivity from 0.4 to 805 S cm−1 so as to improve
TEC performance. Moreover, due to the fast electron transfer and good penetration of
aqueous electrolytes, this thermocell exhibited a Pmax/(△T)2 of 0.45 mWm−2 K−2,which was
comparable with platinum electrodes and the well-developed carbon-based electrodes.[23] In
addition, PEDOT: PSS were normally combined with other type of materials, such as
diethylene glycol (DEG) in order to increase the electrical conductivity of the printed film.[37]
During the addition of DEG, the excess PSS was phase-segregated into PSS-rich insulating
domains, while the highly conducting PEDOT-PSS grains merged together to form a 3D
conducting network. For instance, pure PEDOT: PSS film could be increased from 3.2 S cm-1
to 230 S cm-1 in terms of electrical conductivity. Furthermore, PEDOT: PSS could also be
incorporated into carbon systems (i.e., graphene or carbon nanotube film). Therefore,
problems such as large tortuosity of CNTs and the sheet restacking of graphene electrodes
could be solved.[16] Liu et al. developed a PEDOT: PSS/edge functionalized graphene
(EFG)/CNT composite film electrode via a laser-etching method which will further discuss in
chapter 3.
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Figure 1.7 Schematic diagram of the electron transfer (green arrows) at the polymer
electrolyte interface for poor-conducting (A) and charge transport (pink arrows) within the
polymer electrode, intermediate-conducting (B), and high-conducting PEDOT/PSS electrodes
(C), the blue “snake” lines (on the left-hand side) simulate aggregates of PEDOT chains that
show short-range order through π–π stacks. Reproduced with permission.[36] Copyright 2018,
National Academy of Sciences.

1.5

Fabrication methods of electrode materials

In most studies on wearable thermocells, platinum and gold metallic electrodes have been
used because of their easy fabrication process (direct sputter coating) and high catalytic
activity, which minimises the charge transfer overpotential, making them ideal for examining
the fundamental behaviour of a wearable thermocell system.[38] For example, Zhou et al. used
Au/Cr as the electrode material and fabricated two types of thermogalvanic redox gel
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electrolytes with positive and negative thermo-electrochemical Seebeck coefficients,
respectively. Based on these electrolytes, a wearable thermocell was designed with an output
voltage approaching 1 V, generated by body heat. However, the prohibitively high cost of the
metallic electrodes, which will increase the overall cost of the device significantly, has
limited the development of commercially viable electrode materials.

Compared with metallic electrodes, carbon-based electrodes, including carbon cloth, carbon
nanotubes (CNTs), and graphene, have been extensively studied as electrode materials for
thermocell applications owing to their relatively low cost. In addition, carbon-based materials
have a large active surface area and high conductivity, which increased the number of
reaction sites and thus provided fast electron transfer kinetics for redox couples.[22] These
advantages could enhance the current density that was achievable by the thermocell. At
present, most wearable thermocells are produced on the laboratory scale; no commercial
thermocell is available for practical applications on the industry scale. Meanwhile, the rapid
development of micro-manufacturing has facilitated the use of various microfabrication
techniques for carbon electrodes. These fabrication methods can be mainly classified into
four categories: filtration, drop coating, laser etching, and 3D printing.

1.5.1

Filtration method

At present, carbon electrodes are commonly fabricated using a vacuum filtration method. The
schematic of this process is shown in Figure 1.8a. Based on this fabrication method, a multiwalled carbon nanotube (MWCNT) buckypaper was developed by Hu et al. (Figure 1.8b).[24]
In their study, the power output (1.8 W m–2) of MWCNT buckypaper scrolls was shown to be
33 % higher than that of platinum under the same electrolyte system with a temperature
difference of 60 °C. MCWNT electrodes thus fabricated not only provide fast redox-mediated
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electron transfer but also have a high electrochemically accessible surface area, which
increases the current generation capacity and overall efficiency. This configuration also has a
Carnot efficiency of 1.4 %, which is at least three times higher than the previously measured
efficiencies of cells with platinum electrodes.

Single-walled carbon nanotube–reduced graphene oxide (SWNT–rGO) electrodes are also
fabricated using the vacuum filtration method.[27] This electrode material exhibits fast
electron transfer kinetics and Nernstian behaviour with the Fe(CN)63-/4- redox couple. It has
yielded promising results in thermocell devices owing to its large active area (as shown in the
SEM images in Figure 1.8c) as opposed to flat 2D film electrodes that allow a higher
exchange current density between the electrode cross section and the electrolyte. Therefore,
compared with 2D flat carbon materials, 3D porous electrodes facilitate the generation of
larger net current densities.

MWCNT foam is also prepared using the filtration method (Figure 1.8d). SEM images of
MWCNT foam shows a porous structure, which is the key factor affecting the thermocell
performance.[39] Using an optimised MWCNT foam, Zhang et al. obtained maximum
normalized area power (Pmax) of 9.3 W m−2 and an areal power density (Pmax/(ΔT)2) of 1.35
mW K−2 m−2, which represent the best performance compared with various carbon materials
under the same condition (Pmax of 8.6 W m−2 and Pmax/(ΔT)2 of 1.15 mW K−2 m−2 for carbon–
cork, Pmax of 4.2 W m−2 and Pmax/(ΔT)2 of 0.59 mW K−2 m−2 for MWCNT sheet).
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Figure 1.8 (a) Schematic process of vacuum filtration method. (b) Digital and SEM
micrograph of MWNT buckypaper, Reproduced with permission.[24] Copyright 2010,
American Chemical Society. (c) Micrographs of ﬁlms SWNT-rGO composite cross-section,
Reproduced with permission.[27] Copyright 2013, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (d) SEM micrograph of MWNT foam, Reproduced with permission.[39] Copyright
2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The vacuum filtration method is applicable to the production of carbon electrodes and may be
suitable in some instances for commercial application in low-grade thermal energy harvesting
devices. However, it is time consuming and reduces the overall fabrication efficiency of
devices. Moreover, the carbon nanotube or graphene suspension does not disperse easily in
water owing to the strong van der Waals interactions.[40] These interactions affect the
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possibility of obtaining a desired wearable device through a simple, safe, and high-efficiency
fabrication process.

1.5.2

Drop coating method

To simplify the fabrication process of carbon electrodes for wearable thermocells,
Hyeongwook et al. used a carbon-nanotube-coated active carbon textile (ACT) prepared
using a simple drop coating method (Figure 1.9a).[20] This carbon material not only provides a
high electroactive surface area but also has a porous structure with low tortuosity and high
flexibility.

Figure 1.9 (a) Schematic process of drop coating method.(b) SEM images of the pristine and
CNT-coated activated carbon textile (ACT), (c) Schematic depicting the structure of the
flexible thermocell and (d) Photograph of the T-shirt embedded with the thermocell and
capacitor storing the power generated from the thermocell, Reproduced with permission.[20]
Copyright 2014, Springer Publishing.
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The developed wearable device consisted of flexible materials such as PET (polyethylene
terephthalate), CNT/carbon fabrics, a separator, and an electrolyte (Figure 1.9c). The
wearable thermocell was fabricated via a one-step process: a PET half-cell, collecting wire,
and carbon-nanotube-coated active carbon textile (C-ACT) were stacked in the given order
and then hot-pressed together at 120 °C for 20 s. Figure 1.9b shows pristine carbon cloth and
coated carbon cloth electrodes. ACT, which provides a high specific surface and porous
architecture, is an ideal candidate for wearable thermocell electrode materials. Meanwhile,
CNT has the properties of fast carrier transportation and good chemical stability, which are
key factors affecting the thermocell performance. The authors demonstrated that the wearable
thermocell can be attached to a T-shirt to harvest heat from the human body. However, the
power density (0.46 mW m–2) was not sufficient to power a green LED (1.5 V). Therefore, as
shown in Figure 1.9d, the wearable thermocell was attached to a T-shirt and connected to
capacitors (10 µF to 1 mF) that could be charged by the power generated from the wearable
thermocell.

Very interestingly, drop coating method not only could fabricate the wearable thermocell
electrodes, but also could be utilized in terms of photothermal electrochemical devices.[11] For
example, Ding et al. developed a hybrid photothermal thermo-electrochemical cell for
day/night waste heat harnessing, which is shown in the Figure 1.10a. This photothermal
thermo-electrochemical cell was a sandwich structure, consisting of two ferroelectric poly
(vinylidene diﬂuoride) ﬁlms and a block of polyurethane sponge soaked with ferric/ferrous
chloride solution. CNT/CNC (carbon nanotubes/cellulose nanocrystals) was drop-coated on
both sides of the poly (vinylidene diﬂuoride) (PVDF) ﬁlms, regarding as photothermal
absorber as well as electrodes. In Figure 1.10b, it shows the absorption spectra of the
CNT/CNC nanocomposite that drop-coated on PVDF films in the solar spectrum range across
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300–500 nm, displaying a high overall light absorbance for sunlight with more than 96%
weighted by standard air mass 1.5 global (AM 1.5 G) solar spectrum. Figure 1.10c shows the
prepared flexible CNT/CNC/PVDF film and SEM image. In particular, this flexible electrode
constant during 10000 bending tests with a bending 90° angle (Figure 1.10d), illustrating
excellent flexibility and mechanical stability. Additionally, top electrode layer could absorb
and transform light into heat, resulting in a temperature increase. As temperature of the
bottom electrode layer was stable, then temperature gradient across the electrolyte was
established, thermal gradient causes a difference in the redox potential of the electrolyte at
the electrodes, that was, thermocell potential. Due to the superior photothermal and electrical
properties of CNT/CNC nanocomposite, high thermo-electrochemical performance was
achieved with power output of 1.86 mW m−2.

Figure 1.10 (a) Schematic of photothermal generator. (b) Absorption spectra of the
CNT/CNC nanocomposite that drop-coated on PVDF films. (c) Prepared flexible
CNT/CNC/PVDF film and cross-sectional of SEM image. (d) Bending test of a
CNT/CNC/PVDF film (1 cm × 2 cm). Reproduced with permission.[11] Copyright 2018,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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1.5.3 Laser etching method

Although drop coating method showed a wide range of advantages, it was difficult to control
the uniformity of the coating area, as the prepared ink penetrated into the substrates.
Furthermore, the drop-coated device was bulky and expensive because it used an aqueous
electrolyte that requires high-quality encapsulation materials and advanced technology. To
address these problems, Liu et al. reported a high-performance p-type and n-type wearable
thermocell device by systematically investigating both wearable laser-etched electrodes and
redox gel electrolytes for harvesting body heat, as shown in Figure 1.11a.[16] PEDOT: PSS
and

PEDOT:PSS/edge-functionalised

graphene/carbon

nanotube

electrodes

(PEDOT:PSS/EFG/CNT) showed excellent and comparable performance for n-type and ptype cells, respectively. As an application of the wearable thermocell, a flexible watch-strapshaped thermocell was demonstrated (Figure 1.11b) to harvest body heat, charge
supercapacitors, and power a green LED (Figure 1.11c). The systematic investigation and
optimisation of 3D structured electrodes, redox gel electrolytes, and device architectures are
of great significance for the realisation of body heat harvesting and application in real-world
self-powered wearable electronics.
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Figure 1.11 (a) Conventional fabrication methods of thermo-electrochemical devices, (b) 3D
(a) Schematic illustration of the preparation of laser‐etched film electrode and Cross‐sectional
SEM image of PEDOT/PSS‐EFG/CNT film, (b) the TEC performance: current and power
versus

voltage

of

the

devices

made

from

laser‐etched

PEDOT/PSS‐EFG/CNT,

PEDOT/PSS‐EFG/CNT film and pure Pt electrodes in p‐type electrolyte (ΔT = 10 °C), and (c)
Cross‐sectional SEM image of PEDOT/PSS film and (e) TEC performance: current and
power versus voltage of the devices made from laser‐etched PEDOT/PSS, PEDOT/PSS film
and pure Pt electrodes in n‐type electrolyte (ΔT = 10 °C). (f) Schematic and (g) photos of the
flexible watch‐strap shaped thermocell for body‐heat harvesting, Reproduced with
permission.[16] Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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1.5.4 Summary of various fabrication strategies for wearable thermocell electrodes

As stated above, several representative strategies have been proposed for the fabrication of
wearable thermocell electrodes. Although these fabrication strategies have considerable
potential, they also have certain limitations. The vacuum filtration process is widely used in
thermocell electrode fabrication. However, fine nanoparticles can be drawn through the filter
paper pores via suction force, resulting in blockage of the filtrate and wastage of the ink
materials. The drop coating method is facile, fast, and feasible for scalable production;
however, it is not easy to achieve a uniform coating area and the thickness cannot be
controlled. These factors hinder the further development and use of the drop coating method.
In the laser etching method, a laser is used to engrave an object. To ensure complete etching,
the film thickness should be controlled effectively. However, laser cutting requires high
power compared to other techniques, and the laser beam has harmful effects if the human
operator is exposed to it. The strategies for fabricating wearable electrodes for thermocells
are summarised and compared in Table 1.1.

Table 1.1 Comparison of various fabrication strategies for wearable thermocell electrodes
Electrode materials

Fabrication strategy

Wearability

Possibility for 3D printing

Reference

MCNT buckypaper

Vacuum filtration

no

no

[24]

MCNT foam

Vacuum filtration

no

no

[39]

SWNT-rGO film

Vacuum filtration

no

yes

[27]

Multiwalled carbon nanotubes film

Spray coating

no

no

[28]

Graphene sheet

Vacuum filtration

no

no

[39]

Graphene-coated copper sheet

Drop coating

no

yes

[41]

Activated carbon textile

-

yes

no

[39]

CNT-coated activated carbon textile

Drop coating

yes

yes

[20]
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PEDOT: PSS film

Drop coating

yes

yes

[16]

PEDOT: PSS film

Spin coating

yes

yes

[42]

PEDOT: PSS film

Laser etching

yes

yes

[16]

PEDOT: PSS/CNT/EFG film

Laser etching

yes

yes

[16]

Copper foil

-

yes

no

[43]

Platinum foil

-

yes

no

[39]

Graphite sheet

-

yes

no

[39]

Au/Cr foil

-

yes

no

[38]

1.5.5 3D printing method

Among the various scientific fabrication technologies, 3D printing is regarded as an advanced
technique for thermocell fabrication,[44] owing to its low cost, customised construction and
fast design.[45] The 3D printing process can be implemented with software, where layer-bylayer printing is performed according to the CAD layout.[46]

The conventional steps for manufacturing thermocell devices include ink preparation, ink
deposition/fabrication, packing with the encapsulation materials, and completion of the
device via electrolyte filling (Figure 1.12a). These steps are complex and often time
consuming. By contrast, the fabrication of such devices via 3D printing methods is more
convenient, customisable, and intelligent, as fewer steps are required to manufacture a
complete wearable device (Figure 1.12b).
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(a) Conventional fabrication method of thermo-electrochemical devices

(b) 3D printing method of thermo-electrochemical devices

Figure 1.12 (a) Conventional fabrication methods of thermo-electrochemical devices, (b) 3D
printing method of thermo-electrochemical devices.

3D printing has the following unique advantages compared to conventional methods:
(1) It allows direct writing of the required architectures with controllable chemical
composition, designed shapes, and interspacing porosity.[46,47]

(2) Micro-thermocells with optimised thickness and size, ranging from hundreds of
nanometres to millimetres, can be obtained. Therefore, the areal capacitance performance can
be enhanced.[21,48–50]

(3) Complete device manufacturing through integrated printing steps, such as electrode
fabrication, electrolyte deposition, and encapsulation of the printed structure, can be realised
on a single printing platform or system.[6,51,52]

Recent studies on improving the design and fabrication of wearable thermocell electrodes
have resulted in the development of nanostructured carbon electrodes, carbon-composite
electrodes, and conductive polymer electrodes.[22] The electrode materials should satisfy two
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key requirements: printability and wearability. In terms of carbon electrodes, carbon
nanotubes offer a porous architecture with low tortuosity, which contribute towards desirable
wearable thermocell performance.[27] However, CNTs do not disperse easily in aqueous
solutions, which can hinder the preparation of printable inks.[6] Compared with carbon
nanotubes, graphene can provide a large active surface area and high conductivity while
being more readily dispersible in water. In addition, it is printable when the concentration
loadings are increased (up to 100mg ml-1) and is widely used in energy-related studies.[6]
However, graphene films are inherently fragile and do not meet the mechanical requirements
for fabricating a wearable device.[53]

Therefore, carbon-composite electrodes are more attractive for the development of potential
3D-printed wearable electrodes. To produce conductive 3D-printed carbon-composite
filaments, composite materials are developed from carbon materials such as carbon nanotubes,
graphene, and carbon black mixed with thermoplastic materials such as polylactic acid (PLA)
and acrylonitrile butadiene styrene (ABS).[54,55] Existing studies have reported conductive
3D-printable carbon-composite materials based on PLA/CNT filaments,[56] PLA/graphene
filaments,[57] and ABS/carbon black filaments.[58] However, available printable conductive
carbon-composite materials exhibit relatively low electrical conductivities and are nonwearable owing to the added thermoplastic materials.[54]

Apart from carbon and carbon-composite materials, conductive polymers are attracting
interest as electrode materials for wearable thermocells owing to their low cost, light weight,
ease of preparation, and most importantly, their flexibility.[41] Commonly used conductive
polymers

include

polyaniline

(PANI),

polypyrrole

(PPy),

and

poly(3,4-

ethylenedioxythiophene) (PEDOT).[59] PANI and PPy involve extensive synthesis processes
while their conductivity and potential range are much lower than those of PEDOT, which
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limits their broader applicability.[60] PEDOT is well known to have high conductivity and is
both 3D printable and flexible.[61] Moreover, the addition of PSS can increase its solubility in
water; hence, it can show advanced film formability.[35,62–64] In addition, PEDOT: PSS can be
combined with other types of materials, such as diethylene glycol (DEG), to increase the
electrical conductivity of the printed film.[62] To date, there is no report on the printability of
this material for use in wearable thermocell applications. PEDOT: PSS should be explored as
an ideal candidate for 3D-printed wearable electrodes for thermocells in the future. Therefore,
our group has developed a printable PEDOT: PSS formulation as an electrode material in the
application of wearable thermocell devices. Figure 1.13a shows the preparation process of a
3D printed PEDOT: PSS electrode for n-type and p-type wearable thermocells. We compared
the thermocell performance of 2D coated PEDOT: PSS film and 3D interaxial porous PEDOT:
PSS on a 100nm thick platinum coating under the same mass loading (10mg cm-2) conditions
in both n and p type redox gel electrolyte systems (Figure 1.13b). The redox gel electrolytes
(p-type: CMC-K3/4FeCN6, n-type: PVA-FeCl2/3, respectively) were prepared as our previous
work and injected into the device. Meanwhile, a temperature difference of 10°C was set
between two electrodes. This 3D printed pattern that improved performance is due to the
open and surface porous structure, enabling a high ion-accessible surface area with high
electrical conductivity. Meanwhile, due to good wettability of PEDOT: PSS, the electrolyte
can penetrate into the cross-section channels of 3D micro electrode that allow a high degree
of electrolyte/electrode surface for redox reactions to occur, resulting in increased current
density from 6.2 A m-2 to 12.0 A m-2 and power density from 11.2 mW m-2 to 25 mW m-2 in n
type, current density from 17.2 A m-2 to 25.0 A m-2 and power density from 45.2 mW m-2 to
76 mW m-2 in p type. This work may provide new ideas for the future development of 3D
printing electrodes for wearable electrochemical energy device systems.
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Figure 1.13 (a) Preparation of 3D printing PEDOT: PSS electrode for n-type and p-type
thermocells. (b) Thermocell performance of n-type and p-type.

1.6

Quasi-solid-state electrolytes

1.6.1 Redox gel electrolytes

We have discussed wearable electrodes for thermocells. Another factor affecting the practical
application of wearable thermocells is the electrolyte. In general, aqueous electrolytes exhibit
higher power output owing to the relatively fast diffusion of ions within them. Wearable
devices are usually bent or twisted through large angles or rotations when the user moves,
which may lead to safety issues owing to leakage of the liquid electrolytes. This problem can
be addressed using redox gel electrolytes, which do not flow, making the devices safer for
wearable applications and reducing the cost of packaging.[65]
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The term ‘redox gel electrolyte’ refers to a composite material that consists of a polymeric
framework (as the host), crosslinker, solvent, redox couple (participating in redox reactions),
and salt or acid as a supporting electrolyte.[22][26][66][16] For example, Leigh et al. developed
commercially available small sodium polyacrylate beads (5.5 wt%) as effective gelators for a
redox gel electrolyte, as shown in Figure 1.14a. In addition, they developed a free-standing
agar-agar gel (5.5 wt%) containing Fe(CN)64−/Fe(CN)63− redox couples (Figure 1.14b); the
former gel has self-healing properties. Significantly, redox gel electrolytes have been shown
to result in more stable power output compared with liquid electrolytes.[26] Recently, a solidstate electrolyte consisting of a PVA polymer matrix and a redox couple (FeCl2/FeCl3) with
glutaraldehyde (GA) as a chemical crosslinking agent has been developed by our group, with
significant advantages such as high mechanical strength and high concentration of redox
couples (Figure 1.14d).[66] However, the restricted mass transport of the redox couple is a
major disadvantage that needs to be considered when using redox gel electrolytes. To this end,
Jin et al. optimised 5 wt% cellulose with Fe(CN)64−/ Fe(CN)63− redox couples to realise a gel
containing more channels. By contrast, higher cellulose concentrations will result in more
restricted channels through the gel and thus decrease the power output (14 mW m−2 for 5
wt%, 8 mW m−2 for 10 wt%, 7.6 mW m−2 for 15 wt%, and 6.5 mW m−2 for 20 wt%,) (Figure
1.14c).[67]

There are two different types of electrolytes: p and n type.[65] The redox couples have
negative and positive Seebeck coefficients, and a larger potential difference can be generated
by connecting them in series. For instance, Yang et al. reported an integrated wearable
thermocell based on redox gel electrolytes for harvesting body heat. They used PVA as the
gel solution with the addition of Fe2+/Fe3+ or Fe(CN)64−/ Fe(CN)63− couples to realise
thermogalvanic redox gel electrolytes exhibiting positive or negative Seebeck coefficients,
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respectively. As shown in Figure 1.14e and 1.14f, the integrated wearable device can
generate an open-circuit voltage of 0.7 V and a short-circuit current of up to 2 μA by using
body heat, achieving a maximum output power of ~0.3 μW. These results reflect a new train
of thought for the development of integrated wearable device systems in the future.

Figure 1.14 Displaying photographs of (a) gels was prepared by 5.5 wt% poly(sodium
acrylate) with just water (transparent) and with 0.1 M K3[Fe(CN)6]/0.1 M K4[Fe(CN)6]
(yellow), and (b) freestanding gel on a fingertip prepared with 5.5 wt% agar agar and 0.1 M
K3[Fe(CN)6]/0.1 M K4[Fe(CN)6], cut to size for the CR2032 internal cavity, Reproduced with
permission.[26] Copyright 2017, Elsevier. (c) Shows the physical appearance of the solid redox
electrolyte with 5 wt % cellulose, the inset shows that SEM image of the cross sections of the
solid-state electrolyte after freeze-drying with 5 wt % cellulose, Reproduced with
permission.[67] Copyright 2016, American Chemical Society. (d) Illustration of the
preparation of the PVA‐FeCl2/3 gel electrolyte, Reproduced with permission[66] Copyright
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2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.(e) Schematic representation of
the two types of cells connected in series, with the hot and cold ends on the same side,(f) The
integrated gel‐based thermocell. (scale bar: 2 cm), Reproduced with permission.[65] Copyright
2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

1.6.2

3D-printed redox gel electrolytes

3D-printed redox gel electrolytes are ideal candidates for replacing liquid electrolytes
because of their balanced electrochemical properties, good mechanical properties, scalability
and relative safety practical application.[65] In most of the previously reported studies, 3Dprinted redox gel electrolytes were crosslinked by physical crosslinking[68], chemical
crosslinking[69,70], or UV photo-curing.[71] Each crosslinking method and post-processing
treatment is different. The various crosslinking and post treatment methods of polymers are
summarised and compared in Table 1.2 to identify 3D-printable redox gel polymer
electrolytes for wearable thermocell applications.[66][68]

Table 1.2 3D printing redox gel electrolytes with crosslinking and post treatment methods
Suitable
redox couple

Crosslinking
method

Post treatment

Crosslinker

Reference

FeCl2 / FeCl3

Physical
crosslinking

Freezingthawing

-

[68]

K3[Fe(CN)6] /
K4[Fe(CN)6]

Chemical
crosslinking

-

CaCl2

[69]

K3[Fe(CN)6] /
K4[Fe(CN)6]

Chemical
crosslinking

Freeze-drying

CaCl2

[70]

K3[Fe(CN)6] /
K4[Fe(CN6)

365 nm UV light

Freezingthawing

Irgacure 1173

[71]

methacrylate(CHMA) + PVA
Poly(acrylamide)
(PAAm)

K3[Fe(CN)6] /
K4[Fe(CN6)

365 nm UV light

-

N,N-methylenebis
(acrylamide)
(MBAA)

[72]

Polymer
PVA +
κ-carrageenan
Cellulose +
Alginate
Nanocellulose +
alginate + glycerine
Chitosan
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1.7

Encapsulation materials for wearable thermocell devices

The next consideration is the encapsulation material that will create a seal around the
electroactive components of the device to protect them from moisture, solvents, and corrosive
agents within the working environment, i.e., fluids and materials on the body and in its
surrounding space. Thermoplastic maerils, epoxy resins, and polydimethylsiloxane (PDMS)
are extensively used as encapsulation materials in academia and industry.[73][74]
Thermoplastic materials require energy to raise the material above its melting point in order
to convert the solid thermoplastic material into liquid. Epoxy resins are commercial glues that
can be easily fabricated manually. The drawbacks of epoxies are their long curing times once
mixed and their time-dependent viscosity. Variants of polydimethylsiloxane (PDMS) are
promising and safe encapsulation materials, as they can be directly 3D printed into various
patterns without any structural collapse and are used for the wearable thermocell
encapsulation materials.[16] Typically, they are two-part materials that must be mixed and
then printed. UV curable variants are more predictable and can be printed to retain their
structure during the printing process. A more reliable industrial approach would be to have
two extruders mixing the two components in a static mixing head at a fixed ratio (typically,
10:1). Both UV and thermal variants exist.[29] It is crucial to ensure that the encapsulation
materials are compatible with 3D-printed wearable electrodes and electrolytes. For example,
a cochlear implant is completely encapsulated in PDMS that is injection-moulded around
preformed electrodes; encapsulation of the implant offers distinct advantages, including
additional fixation for the implant and compatibility with electrodes.[74]

1.8

Design strategies for wearable thermo-electrochemical cells

In order to further increase the thermocell power output, the practical application of
thermocells is connected in series.[16] This will enhance the potential and remain the same
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current so as to increase the power of the thermocells. However, a major problem with
current design of single thermocell is that they only contain one type positive or negative
Seebeck coefficient redox mediator system, not two types (n and p types). The one type redox
mediator system has been shown in Figure 1.15a for Fe(CN)63-/4- redox couples. To address
this problem, Zhang et al. developed a novel design of serial thermocells, they could use both
n-type and p-type thermocells (negative and positive Seebeck coefficients, respectively) that
were electrically connected in series, with electrons passing from hot electrode to cold
electrode through the n-type thermocell and from cold electrode to hot electrode through the
p-type thermocell directly. In other words, the two cold side or two hot side could be on one
plane without current wires so as to reduce the current resistance (Figure 1.15b).[39] Therefore,
the utilization of both types in a series-connected (in Figure 1.15c) thermocell elements array
removed the need for additional wires between hot and cold parts, thereby simplifying
fabrication process.

To harvest body heat, a flexible thermocell, which can conform to a curved surface is
required.[16] However, bending layered devices to a high degree of curvature while
maintaining performance is challenging, even when the individual components are highly
flexible, as the top electrodes (air-side) always bear larger deformation relative to the bottom
electrodes (skin- side). To address this problem, our group designed a thermocell with a
watch-strap shape, where the bottom electrodes between p–n cells were electrically connected
on one flexible substrate (i.e., PI tape) but the top electrodes were not connected and
separated on different substrates (Figure 1.15d). In this case, the top electrodes of each p–n
pair could move freely, while the bottom electrodes conformed to the high curvature
encountered with anatomical parts. Meanwhile, flexible and thermally conductive aluminium
foil was attached outside of the thermocell device in order to maintain uniform heat transfer
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through electrodes. As a demonstration, we have attached 5 straps of thermocell arrays (6 p–n
pairs) on a wrist (Figure 1.15e). These 30 p–n pairs could charge a 470 mF supercapacitor
during long-term wear. The charged supercapacitor was able to light a green LED with
voltage booster (Figure 1.15e). This demonstrated the practical utility of our thermocells to
power a range of wearable and portable electronics from low- grade body heat.

Figure 1.15 Design strategies for wearable thermo-electrochemical cell. (a) Schematic
diagram of two p type half cells connected in series with current wires and (b) Both n-p type
half cells of thermocell connected in series without additional current wires, (c) Illustration of
a thermocell array with 14 n–p cells. Reproduced with permission.[39] Copyright 2016,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Schematic and (e) photos of the
flexible watch-strap shaped thermocell for body-heat harvesting. Reproduced with
permission.[16] Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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1.9

Thesis Objective

As described in this literature review, wearable thermocell devices have made significant
progress in developing flexible electrode materials and employing various electrode
fabrication techniques in the last ten years. Nevertheless, easy-fabrication and cost-effective
development of flexible electrodes with high performance still remain a major challenge.

Therefore, this thesis, aims to develop high performance electrodes for wearable thermocell
devices in simple ways (laser-etching, 3D printing, and drop-coating). The performance of
fabricated wearable thermocell devices could be further optimized via altering patterns,
component ratio, and film thickness. Meanwhile, to expand the application of thermocell, a
novel photothermo-electrochemical cell was fabricated by drop coating method.

In Chapter 3, flexible PEDOT/PSS based films were fabricated via laser-etched method and
then assembled to be a wearable thermocell. In Chapter 4, 3D interaxial printed PEDOT: PSS
electrode was fabricated via our 3DREDI being manufactured by TRICEP at University of
Wollongong. In Chapter 5, I have developed wearable PTEC cell consisting of multiple p-n
cells via the optimization of flexible photothermal electrode materials.
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2.1

Chemicals and reagents used

The chemical materials used in this work are summarized in Table 2.1

Table 2.1 Chemical materials used in this work

Reagent Name

Grade

Company

Kapton tape

-

Ebay

Poly(3,4-

-

Agfa

AR

Carbon nanotube Plus

ethylenedioxythiophene)/poly(styrenesulfon
ate)
Carbon nanotube

A. Walker et al.[1]

Edge-functionalized graphene
Polydimethylsiloxane

AR

Dow Corning Toray Co.,
Ltd

Diethylene Glycol

AR

Sigma-Aldrich

Polyvinyl alcohol

AR

Sigma-Aldrich

Carboxymethylcellulose sodium

AR

Sigma-Aldrich

Iron (II) chloride tetrahydrate

AR

Sigma-Aldrich

Iron (III) chloride

AR

Sigma-Aldrich

Potassium hexacyanoferrate

AR

Sigma-Aldrich

Potassium ferricyanide

AR

Sigma-Aldrich

Glutaraldehyde solution

AR

Sigma-Aldrich
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2.2

Preparation and characterization techniques

2.2.1 Preparation related techniques

2.2.1.1

Metal sputter coater

A metal sputter coater called EDWARDS FTM6 Auto 306 which is shown in Figure 2.1a. A
200 nm of platinum (Pt) was coated onto various substrates, such as kapton tape (KT), which
would act as electrode material and current connection in a thermocell device. In Figure 2.1b
and 2.1c are photos of KT before and after 200 nm thickness of platinum sputter coating on
KT.

Figure 2.1 (a) Photo of sputter coater, (b) a commercial kapton tape, and (c) 200 nm thickness
of platinum sputter coated on kapton tape.
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2.2.1.2

Sonication

Sonication was used in our project which can help materials disperse uniformly in the water
solvent.[2] A Bandelin sonorex digiplus sonicator (Figure 2.2a) was used to disperse materials
(e.g., PEDOT: PSS) in water. As shown in Figure 2.2b, a uniformly PEDOT: PSS aqueous
ink can be prepared after bath sonication.

Figure 2.2 (a) Photo of sputter coater, (b) a commercial kapton tape, and (c) 200 nm thickness
of platinum sputter coated on kapton tape.

2.2.1.3

Thinky Mixer

The THINKY ARE-250CE (Referred to as Thinky Mixer) is an industrial planetary
centrifugal mixing and degassing system (Figure 2.3a). It can mix, disperse, and degases
materials in seconds to minutes. In this work, commercial PEDOT: PSS pellets (50 to 600
mg), water (5 ml), and DEG (83 to 996 ul) were mixed by Thinky Mixer for 20 min, at 2000
RPM and degassed for 2 min, at 800 RPM to form a homogenous ink. As shown in Figure
2.3b and 2.3c, a uniform PEDOT: PSS ink can be prepared through the cyclic mixing steps
outlined above.

44

Figure 2.3 (a) Photograph of the THINKY ARE-250, (b) PEDOT: PSS pellets with water
before mixing, and (c) PEDOT: PSS pellets with water before mixing in THINKY Mixer.

2.2.1.4

Laser Engraver

A laser cutting system (Universal Laser PLS6MW) fitted with a 10.6 µm CO2 laser module
was used in this work (Figure 2.4a). The laser etching tool was employed to create patterned
channels on PEDOT: PSS film so as to increase the cross-section of the flexible electrode.
The cutting parameters can be adjusted according to the material being cut and the intended
cut depth. In Figure 2.4b, laser etching of PEDOT:PSS film was performed via a 30W laser ,
spot size of ≈25 µm, under ambient laboratory conditions. The system was conducted using
a vector mode with the laser power set as 0.1% and the speed fixed at 2%. The pulses per
inch was set at 500.
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Figure 2.4 (a) Photograph of a 10.6 µm CO2 laser cutting system and (b) fabrication process
of laser-etched PEDOT: PSS film.

2.2.1.5

Ball milling

Ball milling is a method of grinding materials such as ceramics, and chemicals, from pellet
form into powders.[3] The hardware is based around a hollow cylindrical shell (or drum)
containing milling balls rotating around its axis. In this project, a ball mill machine called
MSK-SFM-3 DESK-TOP high speed vibrating (Figure 2.5a) was used to mix PEDOT: PSS,
carbon nanotube and EFG (edge functionalized graphene) in the preparation of electrode
materials. As shown in Figure 2.5b, a mixed PEDOT: PSS composites can be developed after
ball milling. This ball milling process works on the principle of impact and attrition when the
balls drop from near the top of the shell. After ball milling, the carbon nanotube and EFG
powers are coated onto the surface of PEDOT: PSS and this mixture could be well dispersed
in water.
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Figure 2.5 a) Photograph of a ball mill machine, (b) PEDOT: PSS/EFG/CNT after ball
milling.

2.2.1.6

3D printer(3DREDI)

3D printing, an emerging commercial technology, has been extensively utilized in energyrelated areas due to the low cost, broad freedom in design and the opportunity to have
controlled repeatable prototyping. This technique of rapid prototyping starts with geometric
data as a 3D CAD model that can be replicated in 3D through converting the model to print
path instructions using G-code. A recently developed 3D printing platform (3DREDI,
TRICEP, Australia), aimed at educating the next generation of fabricators and serving as
electrode materials research tool. This 3DREDI was used to fabricate flexible electrodes and
novel wearable multi-unit thermocells (see Figure 2.6). Furthermore, a 3D-printed
demonstration of wearable thermocell, which can harvest body heat, charge commercial
supercapacitors, and even power a lab timer, this work provides a platform for the future
development of 3D-printable integrated wearable device systems (more details will discuss in
the chapter 4).
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Figure 2.6 Photograph of the 3DREDI printing platform

2.2.1.7

Solar Simulator

The main features of the LCS-100 Series solar simulator are:
1. Compact design - integrated power supply and lamp housing
2. Low cost for solar/photothermo cells researches that requiring small area (3.8 cm*3.8 cm)
of illumination
3. Variable attenuator allows partial sun irradiance
4. Simple "plug-in" lamp assembly does not require lamp alignment
5. Integrated 2-inch filter holder
6. AM1.5G operation at 1.0 sun (1000 W m-2) output

In this project, a PEDOT: PSS film, which was assembled into a photothermal cell that was
designed to increase the magnitude of achievable open-circuit voltage (VOC), when energy
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harvesting from a solar source (Figure 2.7b). Photothermal output was obtained under a solar
simulator (1 Sun, 1000W m-2) in Figure 2.7a. Once irradiated by light, the photothermal
device (PE/PET refers to PEDOT: PSS film on PET) could charge to about 16 mV as shown
in Figure 2.7b.

Figure 2.7 (a) Photograph of LCS-100 Series solar simulator and (b) voltage profiles of
photothermocells under cyclical irradiation time.

2.2.2 Physical characterization techniques

2.2.2.1

Scanning electron microscopy

Scanning electron microscope (SEM) was used to capture morphologies of prepared
electrode samples at nanoscale. In this work, a JEOL JSM-7500FA field emission SEM
(Figure 2.8a) was used. Various parameters were set, such as accelerating voltage at 5.0 kV,
emission current at 10 mA and the working distance at 8 mm. A typical SEM image of laseretched PEDOT/PSS film with high resolution, Figure 2.8b is the laser-etched PEDOT/PSS
film.
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Figure 2.8 (a) Photo of SEM and (b) SEM image of laser-etched PEDOT/PSS film.

2.2.2.2

Optical microscopy

The optical microscope can use visible light and lenses to amplify small target samples. In
this work, it was used to observe the sprayed platinum on Kapton tape after bending. The
microscope system is called Leica DM6000 (Figure 2.9a), the images were taken using a
CCD camera and simultaneously recorded by a computer. The optical microscope image of
bended sprayed platinum is shown in Figure 2.9b, from which a scar bar is 100 um.

Figure 2.9 (a) Photography of optical microscopy and (b) optical microscope image of
bended sprayed platinum.
50

2.2.2.3

Rheometer

Viscosity is a significant parameter that affects the printability of prepared inks. In general,
the viscosity of printable inks ranges between 103~104 Pa•s at 1 s-1 for extrusion-based 3D
printing. Inks with values between these two ranges could be used in 3D printer. Meanwhile,
shear thinning behavior of inks are also required in 3D printing. An AR G2 Rheometer (40mm diameter geometry and cone truncation 55 µm) (Figure 2.10a) was used in this work to
measure the viscosity (ƞ) of PEDOT: PSS ink for 3D printing. Samples of various
concentrations (fixed volume of 0.5mL) were examined over shear rates from 0.01 to 10s−1.
As shown in Figure 2.10b, rheology measurement of the PEDOT: PSS inks clearly
demonstrate the transition from low liquid concentration PEDOT: PSS (10 mg ml-1 to 50mg
ml-1 with low viscosity) to high physical gel concentration PEDOT: PSS (50 mg ml-1 to 120
mg ml-1 with high viscosity) each with displaying thinning, i.e., reduced viscosity, with
increased shear.

Figure 2.10 (a) Photograph of rheometer and (b) viscosity (Pa•s) versus shear rate (S-1) plot
of various concentration of PEDOT: PSS aqueous dispersion.
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2.2.2.4

Conductivity (four-probe conductivity)

Conductivity measurements on prepared films were taken via a Jandel Model RM3 four
probe conductivity system (Figure 2.11). In this system, current is supplied via connections 1
and 4; resistance calculated from the measured voltage value between the connections 2 and 3.
The conductivity of films σ (S cm -1) can be calculated from the sheet resistance R (Ω/□) by
Equation 2.1, where T (cm) is the thickness of the sample.

σ=

1

Equation 2.1

R×T

Figure 2.11 Photograph of a four-probe system (Jandel Model RM3).

2.3

Thermocell device testing system

The thermoelectrochemical performance was tested in a thermocell device with a home-made
temperature controller (Figure 2.12). The temperature controller can moderate the aluminium
plate to a specific temperature by heating or cooling via a Peltier device, which was
controlled by a microcontroller (TEC‐1091, Meerstetter Engineering

[4]

) together with the

TEC Service Software. The thermocell consists of two electrodes (electrode materials coated
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on 100 nm Pt coated PI tape) and an acrylic frame (with two holes for electrolyte injection) to
fix the size of the cell to 1 cm2 and distance between the two electrodes of 2 mm. The
electrolyte precursor was injected into the cell and allowed to gel for 1 h prior to testing.
During testing, the hot side was kept at 35 °C simulating body heat temperature, whereas the
code side was varied from 15 to 35 °C analogous to the outside environment. The open‐
circuit voltage (Voc) and current–voltage characterization of the cells was measured using a
VSP electrochemical workstation (Bio‐Logic, France).

Figure 2.12 Photograph of the Temperature Controller set-up.
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2.4

Electrochemical characterization

2.4.1

Electrochemical analysis techniques

2.4.1.1

Linear Sweep Voltammetry

Linear sweep voltammetry (LSV) is a voltammetric method in which the current at a working
electrode is measured, the potential between the working electrode and reference electrode is
linearly scanned in time.[5] The LCV was performed using a VSP electrochemical
workstation (Bio-Logic, France) and EC-Lab software in this work. The LSV measurements
in this project is aimed to compare the short term of current density of various electrodes. In
this thesis, the LSV data were collected on a Biologic workstation of UOW.

2.4.1.2

Open Circuit Voltage

Open-circuit voltage (VOC) is the potential difference between two terminals of a device when
disconnected from any circuit.[6] Voc characterization of the cells was also measured using a
VSP electrochemical workstation (Bio-Logic, France). As described in Chapter 1, 𝑆𝑒 =

𝑉𝑂𝐶
𝛥𝑇

,

increasing the Seebeck coefficient, the potential difference across the thermocell will
theoretically increase so as to enhance the current density. In this work, it is desirable to get a
higher VOC when maintaining the temperature gradient(𝛥𝑇). Meanwhile, the measurement of
VOC is more than 30 min which will further represent the stable condition property of
thermocell.
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2.4.1.3

Chronoamperometry/Chronocoulometry

Chronoamperometry (CA) is an electrochemical technique in which the potential of the
working electrode is stepped and current generated by the faradaic processes (caused by the
potential step) occurring on the electrode material is monitored as a function of time.[7] After
applying a single or double potential step to the working electrode of the electrochemical
system, the current response is measured as a function of time. In this project, CA was
performed using a VSP electrochemical workstation (Bio-Logic, France) and EC-Lab
software, which indicated the long-term current output of thermocell and long-term power
output can be calculated.

2.4.1.4

Cyclic voltammetry

Cyclic voltammetry (CV) is an extensively used technique in measuring electrochemical
performance of materials. CV is a widely used technique in electrochemistry at laboratory
scale, as it is an accurate technique that enables qualitative and pseudo-quantitative studies,
kinetic analysis by scanning a huge range of scan rates and voltage window determination. It
applies a linear voltage ramp to an electrode between two voltage limits and tests the
resulting current.[8] As electroactive surface area (ESA) can be determined by peak current
density. CV can indicate the increase of faradaic peak current for various electrode materials.
Since all the electrodes used exhibit reversible kinetics, when comparing different electrodes,
the rise in faradaic peak current can be attributed to increased ESA, as given by Equation
(2.2).

Ip−f = √𝐷𝑣𝐶𝑜 𝐴
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Equation 2.2

Ip-f refers to the faradaic peak current, D refers to the diffusion coefﬁcient, v is the scan rate,
C is the initial concentration, and A is the ESA. In this work, the CV was performed using a
VSP electrochemical workstation (Bio-Logic, France) and EC-Lab software with scan rate of
10 mV/s, where the faradic peak current density provides insight into the electroactive
surface area (ESA) of the electrode and could greatly affect the thermocell devices
performance.

2.4.1.5

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is used to measure the impedance of a system
by applying a small AC potential within a certain of frequency range. It reveals the
electrochemical process in an electrode system, such as electron transfer and time constants.
EIS was performed using a VSP electrochemical workstation (Bio-Logic, France), EC-Lab
software in this work employing a frequency range of 100 kHz to 0.01 Hz and an AC
amplitude of 10 mV at open circuit potential. EIS analysis was also performed to support
thermocell performance improvement,[10] such as ohmic overpotential and charge transfer
resistance.
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Chapter 3 High-Performance Wearable AllSolid-State Thermocell from Laser-Etched
PEDOT/PSS Based Films
This chapter is adapted from the article, “Advanced Wearable Thermocells for Body Heat
Harvesting”, by Yuqing Liu, Shuai Zhang, Yuetong Zhou, Mark A. Buckingham, Leigh
Aldous, Peter C. Sherrell, Gordon G. Wallace, Gregory Ryder, Shaikh Faisal, David L.
Officer, Stephen Beirne, and Jun Chen. This article was published in Advanced Energy
Materials (2020, 10, 2002539). Adapted with permission from Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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3.1 Introduction
The emergence of wearable electronic devices has stimulated the demand for a flexible, lightweight and high-efficiency power supply system.[1,2] In contrast to more traditional energy
storage systems (e.g. batteries[3] and supercapacitors[4]), which require manual recharging,
flexible energy harvesters (including solar cells,[5] piezoelectric polymer generators,[6,7]
triboelectric generators[8,9] and thermoelectric generators[10-13]) convert energy from the local
environment, including mechanical motion or temperature gradients from the human body, to
electrical charge.[14,15] These energy harvesters are environmentally friendly power sources,
which potentially provide a pathway towards the elimination of manual device charging and a
reduction in battery waste.[10] Among these power sources, thermoelectric generators (TEG)
attached to the human body are highly attractive, as the heat continually being emitted by the
body (up to 20 mW cm-2) enables a constant power supply, in contrast to motion-based, or
solar-based energy harvesting technologies.[10-13,16,17] We have recently discussed the
promising prospect of body heat harvesting in the future global market of wearable
electronics and provided possible designs for a skin-conformal TEG.[10] However, relatively
low figures of merit (such as the Seebeck coefficient, Se =△V/△T, which is typically on the
order of μV K-1)[18] and the reliance on rigid and expensive thermoelectric materials have
greatly limited the practical development of TEGs for wearable applications. [10] Thermoelectrochemical cells (thermo-cells, TECs) harvest thermal energy through the temperaturedependent electron transfer between redox couples and electrodes, and typically exhibit much
higher Seebeck coefficients (on the order of mV K-1) than TEGs.[18] Thermo-cells have a
simple structure and can be fabricated from inexpensive materials, making them ideal
candidates for low-grade heat harvesting (e.g. body heat) for wearable technologies.[18-20]
Thermo-cells are also extremely attractive as they can constantly generate energy, provided
there is a suitable thermal gradient, without any toxic emissions or chemical waste.
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Great progress has been made in flexible and wearable thermo-cells, however, this progress
has focused on two main aspects: flexible electrodes[20-22] and leak-free gel electrolytes.[23-25]
To prepare flexible electrodes, inexpensive carbon-based materials or conducting polymers
are often used instead of traditional and expensive platinum electrodes. The first report of
flexible electrodes for wearable TECs used an activated carbon textile (ACT) coated with
carbon nanotubes (CNTs).[20] Further investigations built on this platform using free-standing
carbon-based materials (e.g. graphene/CNT films,[21,26] MWNT foam,[22,27] activated carbon
cloth,[22] CNT/PtNPs aerogel[27] and others) and confirmed that higher surface areas,
electrocatalytic behavior, enhanced porosity, and improved electrical conductivity are key
considerations to achieve substantial advances in thermo-cell performance. In addition, the
charge carrier electrolyte has been the subject of intensive development, with a focus on the
development of gel electrolytes with no solvent leakage for wearable application.[28] In gel
electrolytes, the selection of a suitable polymer for the redox active species plays the most
important role. The polymer needs to provide a mechanical matrix sufficient to prevent
solvent leakage but also have a high diffusion coefficient (on the order of 10-5 cm2 s-1) of
redox couples to enable sufficient transport. For the [Fe(CN)6]3-/4- redox system, various
water-soluble polymers (agar agar,[23] gelatin,[23] poly(sodium acrylate),[23] polyvinyl
alcohol[19,24] and celluloses[24]) have been explored, where gelation was induced by cooling
down a hot mixture containing [Fe(CN)6]3-/4- and a polymer. Polyanions with carboxyl
functional groups, including poly (sodium acrylate)[23] and carboxymethylcellulose
(CMC),[24] are able to form gels containing high concentrations of [Fe(CN)6]3-/4- (as high as
0.4 M). In addition, superabsorbent polymer hydrogels (like polyacrylamide)[24] or polymer
films (e.g. cellulose)[25] can also be immersed in the aqueous redox electrolyte and produce a
gel electrolyte. Optimizing the weight percentage of the polymer is crucial to balance the
mechanical properties and enable fast ion transport. However, all previous reports are
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independent studies on either the electrode or the electrolyte. There have been no reports of a
system where advanced electrodes are coupled to new, optimized, gel electrolytes; this is
crucial as the interfacial properties, specifically wettability and charge transport phenomena,
vary dramatically between traditional metal and the advanced carbon-based electrodes.

Figure 3.1 Schematic illustration (left) of the optimization for p–n paired thermocells, which
is the basic unit of the integrated thermocells (right).

To date, developments in thermo-cells have focused on optimization for individual cells.
However, with appropriate design considerations, single cells with alternating negative and
positive Seebeck coefficients can be coupled in series to form an array that improves the
overall output voltage for practical applications (Figure 3.1).[19,29,30] These arrays of thermocells are analogous to the p- and n-doped TEGs, and therefore denoted as p-type and n-type
thermo-cells in this manuscript. The output current of p-n cells connected in series (denoted
as p-n cells) is limited by the lowest current of the individual single cells, so it is of vital
importance to match the current output for both p-type and n-type half-cells for efficient and
optimal performance.[30] It is noted that most of the literature on TECs is focused on the
development of p-type electrolytes (where the absolute charge of the oxidant is smaller than
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the reductant), often based on [Fe(CN)6]3-/4-, with only a few reports focused on fabrication of
n-type gel electrolytes (where the absolute charge of the oxidant is larger than the
reductant).[18,30] The performance of n-type cells with either aqueous[31,32] or gelled
electrolytes[19,33,34] are intrinsically lower than p-type cells in terms of current due to sluggish
kinetics.[18] For example, Aldous et al. investigated the fundamentals of combining the
conventional [Fe(CN)6]3-/4- p-type thermo-cell with Fe(II/III) sulfate as an n-type thermo-cell,
both electrically in-series and in-parallel.[30] Zhou et al. mixed polyvinyl alcohol with FeCl2/3
as an n-type thermo-cell, and coupled it with a 0.02 M [Fe(CN)6]3-/4- redox couple as a p-type
cell.[19] Kimizuka et al. prepared a polysaccharide/I-/I3- n-type gel electrolyte and improved
the Seebeck coefficient from +0.86 to +1.5 mV K-1 by introducing polymer-ion
interactions.[33] Pringle et al. prepared the first aqueous gel electrolyte based on a cobalt
redox couple, Co(bpy)3Cl2/3, using a cellulose film as the polymer matrix, which exhibits a
Seebeck coefficient of +1.21 mV K-1.[34] Despite these efforts, the best reported output
current and power for n-type cells is still one order of magnitude lower than the p-type cells.
In addition to the electrolyte, flexible electrodes which can catalyze the redox reaction of ntype couples has not been well studied in detail to date. Therefore, the study on the n-type
cells in terms of both the electrode and gel electrolyte is a key challenge to develop effective
p-n cells and produce efficient integrated arrays of p-n cells.

In this work, we systematically investigated the performance of both p-type and n-type
thermocells through study and optimization of both the flexible electrode and gel electrolyte,
enabling the development of high performance p-n cell arrays for practical body-heat energy
harvesting applications (as illustrated in Figure 3.1). Firstly, to address the relatively low
performance of n-type devices, we systematically prepared a flexible and stretchable n-type
gel electrolyte (PVA-FeCl2/3). This PVA-FeCl2/3 electrolyte can accommodate a wide range
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of FeCl2/3 concentrations (0.1 M to 2 M) without affecting the gelation process and
maintaining the thermo-electrochemical performance of the Fe2+/Fe3+ redox couple. This ntype gel electrolyte demonstrated comparable performance with the previously developed ptype electrolyte of carboxymethyl cellulose (CMC)-K3/4Fe(CN)6 with Pt electrodes.[24] The
performance of both p-type and n-type cells was optimized using 3D structured poly(3,4ethylenedioxythiophene)/polystyrenesulfonate-edge

functionalised

graphene/carbon

nanotubes (PEDOT/PSS-EFG/CNT) and PEDOT/PSS film electrodes, respectively. A pair of
p-type and n-type TECs (p-n cells) with comparable output current were coupled to achieve a
power density equal to the sum of p- and n-type half-cells, indicating the low internal
resistance of electrode materials. We then demonstrated the scalability of the system,
fabricating an array with 18 pairs of p-n series devices able to charge capacitors to above 0.3
V. Finally, we prototyped the p-n array into a watch-strap style integrated device, which
efficiently converted body heat to electrical energy and provided continuous power to a green
light emitting diode (LED).

3.2 Experiment
3.2.1 Preparation of Laser-etched PEDOT/PSS based films

A ball milling method was used to prepare PEDOT/PSS-based inks. Firstly, PEDOT/PSS
pellets with different mass loadings of MWCNT and EFG were mixed by ball milling for 10
min, after which the mixed powder was dispersed in water by magnetic stirring overnight and
bath sonicating for 30 min. MWCNT was commerical product from Carbon nanotube Plus,
EFG was prepared by A. Walker et al.[40] DEG (weight ratio of DEG: PEDOT/PSS=1:1.86)
was added to the aqueous dispersion prior to stirring. The PEDOT/PSS ink was prepared by
directly dispersing the PEDOT/PSS in water with the addition of DEG. PEDOT/PSS,
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PEDOT/PSS-EFG, PEDOT/PSS-CNT, PEDOT/PSS-EFG/CNT films were prepared by bar
coating a thin layer of the mixed dispersion on Pt coated-PI tape, where the sputter coated
100 nm platinum functions as current collector. The films were dried at room temperature
overnight, followed by heating in oven at 70 ºC for 2 h to fully remove DEG. Then, the laseretching films step was conducted using a 10.6 µm CO2 laser cutting system (Universal
PLS6MW Multi-Wavelength Laser Platform, 30 W, spot size of ≈25 µm) under ambient
conditions. It was conducted using a vector mode with the laser power set as 0.1% and the
speed fixed at 2%. The pulses per inch was set at 500.

3.2.2

Preparation of gel electrolyte

PVA-FeCl2/3 gel electrolyte solution. PVA-FeCl2/3 solutions were prepared by dissolving
FeCl2·4H2O and FeCl3 powder into pre-prepared PVA aqueous solutions (with magnetic
stirring) for 1 h. PVA solutions of 3 wt.%, 5 wt.%, 8 wt.% and 10 wt.% were used, with 0.1
M, 0.2 M, 0.5 M, 1 M, or 2 M FeCl2/3. The chemical cross-linker of diluted GA (5 wt.% in
H2O, mass ratio of PVA:GA = 40:1) was then dropped into the mixed solution with
vigorously magnetic stirring for 30 s. Subsequently, the PVA-FeCl2/3-GA solution was
immediately poured into a PDMS mould or injected into the assembled thermoelectrochemical device. Finally, the solid-state gel electrolyte was formed after cross-linking
at room temperature for 1 h, which was then either peeled off for electrochemical and
mechanical testing or directly used as electrolyte in the thermo-electrochemical device. For
performance enhancement, HCl with the final concentration varying from 0.02 to 0.3 M was
added into the PVA-FeCl2/3 solutions before the addition of chemical cross-linker (GA).

CMC-K3/4FeCN6 gel electrolyte. CMC-K3/4FeCN6 gel electrolyte was prepared following
the method described by Russo et al[15] whereby the appropriate amount of CMC powder was
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added to 0.4 M K3/4FeCN6 aqueous solution with magnetic stirring overnight. The prepared
viscous CMC-K3/4FeCN6 solution was stirred for at least 30 min prior to being injected into
thermo-electrochemical devices for performance testing.

3.2.3 Fabrication of wearable serial thermocell from laser-etched PEDOT/PSS
based films

Wearable thermo-cell devices containing a series of interconnected p-type and n-type devices
were fabricated. These devices consist of a laser-cut acrylic frame (Figure 3.9, with each cell
size [l × w × t] being 0.5 cm × 2 cm × 0.2 cm), drop-casted and laser-etched film electrodes
on sputter coated platinum, and a PI tape substrate. Firstly, 100 nm Pt was sputter coated on
PI tape substrate (fixed on aluminum plate) with designed patterns, which act as both current
collector and connection wires between single devices. Then, film electrodes were selectively
drop-casted on the platinum coated electrode area (0.5 cm × 2 cm) and laser-etched via the
laser cutting system (Figure 3.9). The acrylic frame was then sandwiched between two of the
electrode-Pt coated PI and sealed by epoxy resin glue. Finally, electrolyte precursors were
injected into the cells through pre-prepared holes on the frame to form interconnected
thermo-cells. Flexible series-connected, thermo-cells (Figure 3.10) were prepared in the same
precursor, but replacing the laser-cut acrylic frame with a 3D printed flexible PDMS frame.
To enable the production of flexible devices, aluminum foil instead of aluminum plates were
used as a thermal conductor.
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3.3 Results and Discussions

3.3.1

Wearable all-solid-state thermocell from laser-etched PEDOT/PSS based
films

3.3.1.1

Fabricating PEDOT/PSS based electrode films of wearable all-solid-state
thermocell via laser-cutting method

To enable intimate contact between the electrode materials and the flexible substrate, a
simple drop-casting method was used to prepare PEDOT/PSS based electrodes on Pt-coated
PI tape (Figure 3.2). This method eliminates the need for any additional steps to transfer the
free-standing electrodes onto the target substrate.[11,18] For a homogenous drop-casting
dispersion, a water-dispersible and commercially available conducting polymer PEDOT/PSS
was used as a dispersing agent for water insoluble carbon-based materials (i.e. EFG and
CNT). Uniform PEDOT/PSS-EFG/CNT dispersions could be formed when the ratio of
PEDOT/PSS is larger than 25 wt.% in the composite. Diethylene glycol (DEG) was added in
all the samples, which is a commonly employed secondary dopant for PEDOT/PSS to boost
the electrical conductivity (e.g. the conductivity of pure PEDOT/PSS film can be increased
from 3.2 S cm-1 to 230 S cm-1).[31]
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Figure 3.2 Schematic diagram of the fabrication of wearable thermocell from laser-etched
PEDOT/PSS based films. (a) Platinum sprayed on Kapton tape. (b) Drop casting
PEDOT/PSS based ink on substrate. (c) Laser-etched prepared PEDOT/PSS based film. (d)
Laser-etched film shows good flexibility.

3.3.1.2

Flexibility of laser-etched PEDOT/PSS based film

In order to meet the wearable demands for harvesting human body heat, the thermocell
electrodes should have excellent flexibility (as shown in the Figure 3.2d), It is also necessary
for the wearable thermocell devices to perform under various types of deformations such as
stretching and bending. Laser etched fabrication process provides a simple, high speed and
scalable approach, allowing fabrication of microelectrodes with a high degree of flexibility in
the patterns and geometries.
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3.3.2 Physical Characterization of laser-etched PEDOT/PSS based films

3.3.2.1

SEM images of the laser-etched PEDOT/ PSS film

A CO2 laser cutter was used to etch the PEDOT/PSS film creating ≈100 µm wide channels
(Figure 3.3a) with a depth equal to the thickness of the film electrode. This process was used
to increase the surface area and increase diffusion of the redox species through the electrode
films. We ascribe the improved performance to the open and porous layer-by-layer structure
(Figure 3.3b), and the laser-etched channels enabling a high ion-accessible surface area with
high electrical conductivity.

Figure 3.3 (a) SEM image of laser-etched PEDOT/PSS film. (b) SEM image of laser-etched
PEDOT/PSS film with high magnification.

3.3.2.2

SEM images of the laser-etched PEDOT/PSS/EFG/CNT film

The laser-etched PEDOT/PSS/EFG/CNT film was fabricated the same as PEDOT/PSS film
under the same parameter conditions (Figure 3.4).
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Figure 3.4 (a) SEM image of laser-etched PEDOT/PSS/EFG/CNT film. (b) SEM image of
laser-etched PEDOT/PSS/EFG/CNT film with high magnification.

3.3.3

Electrode optimization for p and n‐type Cells

3.3.3.1

Electrode optimization for p-type Cells

Firstly, to the film electrode, composite films with different components (i.e. PEDOT/PSSEFG, PEDOT/PSS-CNT, PEDOT/PSS, and PEDOT/PSS-EFG/CNT) and different
component ratio (i.e. PEDOT/PSS-EFG/CNT = 2:1:1, 1:1:1, 2:3:3) were prepared and the
thermo-electrochemical performance evaluated. All the results indicate PEDOT/PSSEFG/CNT displays superior performance than the binary composite film (i.e. PEDOT/PSSEFG, PEDOT/PSS-CNT) or the pristine film (i.e. PEDOT/PSS), and the component ratio of
2:1:1 performs the best among different ratios (Figure 3.5a and 3.5b). This is attributed to the
composite of graphene and CNT network exhibiting high porosity, surface area, electrical
conductivity and excellent catalytic behavior for the Fe(CN6)3-/4- redox couples, which has
been widely investigated and reported in literature.[10,17,30–32] The hydrophilic and conductive
PEDOT/PSS here can also facilitate ion penetration and diffusion in electrodes, so a high
ratio of PEDOT/PSS (50 wt.% in 2:1:1 sample) is preferred than low ratios (25 wt.% and 33
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wt.% in 2:3:3 and 1:1:1 sample respectively). It was noteworthy that EFG was used in this
work because it possesses better solution processiblity and maximized electrical and thermal
performance due to the oxygen functional groups on the graphene edge and the crystalline
graphitic structure of their basal plane. Then, the mass loading of electrode materials was
increased, expected to achieve increased electroactive surface area (Figure 3.5c), and
subsequently increased TE performance. Indeed, TE performance was improved with mass
loading increasing initially. However, it was observed to reach a plateau when mass loading
was 6 mg cm-2 and above (total mass loading of ternary film). This plateau is thought to arise
from a mass-transfer limitation of ions to the inner sections of the electrode (not directly
exposed to the electrolyte).
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Figure 3.5 Thermo-electrochemical performance (ΔT = 10 °C) including current vs voltage
(linear curve) and power vs voltage (parabolic curves)

in p-type electrolyte (CMC-

K3/4FeCN6) of devices made from (a) pure PEDOT/PSS, PEDOT/PSS-EFG, PEDOT/PSSCNT, and PEDOT/PSS-EFG/CNT films where keeping the mass loading of PEDOT/PSS at 1
mg cm-2 in all the sample; (b) PEDOT/PSS-EFG/CNT films with different component ratio
(PEDOT/PSS at 1 mg cm-2); (c) PEDOT/PSS-EFG/CNT films with different mass loading
(weight ratio is 2: 1: 1). (d) The TEC performance: current and power versus voltage of the
devices made from laser‐etched PEDOT/PSS‐EFG/CNT, PEDOT/PSS‐EFG/CNT film and
pure Pt electrodes in p‐type electrolyte (ΔT = 10 °C).

Figure 3.5d shows the optimized performance of the p-type electrode (laser-etched
PEDOT/PSS-EFG/CNT),

which

has

improved

thermo-electrochemical

performance

compared with the PEDOT/PSS-EFG/CNT film and pristine platinum electrodes in terms of
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open circuit voltage (12.2 mV versus 11.5 mV and 10.2 mV), short circuit current density
(18.5 A m-2 versus 19.5 A m-2 and 10.2 A m-2), and maximum power density (72.9 mW m-2
versus 60.7 mW m-2 and 32.9 mW m-2) at ΔT = 10 °C. A high PMAX/ΔT2 value of 0.73 mW
K-2 m-2 (comparable to literature values for high-performance electrodes)[13] was calculated to
account for the difference in ΔT of thermo-cells run at different operating temperatures. We
ascribe the improved performance to the high-quality EFG, the open and porous layer-bylayer structure (Figure 3.4a and b), and the laser-etched channels enabling a high ionaccessible surface area with high electrical conductivity. The optimal p-type electrode
composition of PEDOT/PSS-EFG/CNT film electrode outperforms all others in terms of
current density and power density due to the combination of the EFG and CNTs forming a
hierarchically porous, high surface area network with outstanding electrical conductivity and
known electrocatalytic behavior for the [FeCN6]3-/4- redox couple.[9,18,32–34] However, the thick
PEDOT/PSS-EFG/CNT film electrode also exhibit increased thermal resistance, resulting in
a relatively low open circuit voltage of 10.2 mV. To solve this problem, the additional laseretching process was applied on the film electrode, which enabled the direct expose of
thermally conductive Pt to the gel polymer electrolyte. Benefit from this, the real temperature
difference between the cold and hot electrode/electrolyte interface was increased and the
open circuit voltage was also enhanced compared with the un-etched samples from 10.2 mV
to 12.2 mV without sacrificing the output current. An improved PMAX was thus achieved from
60.7 mW m-2 to 72.9 mW m-2.

3.3.3.2

Electrode optimization for n-type Cells

In contrast to the electrode for the p-type device, it was observed that PEDOT/PSS delivers
excellent performance surpassing all other carbon-based materials including PEDOT/PSSEFG, PEDOT/PSS-CNT, PEDOT/PSS-EFG/CNT (Figure 3.6a), for the n-type device which
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has been discussed here. Electrodes suitable for use with our developed PVA-FeCl2/3
electrolytes (n-type) were investigated, with a target of reaching comparable performance to
the p-type configuration. Surprisingly, it is found that the single component film electrode of
PEDOT/PSS exhibits superior performance surpassing all the other studied carbon-based
materials including PEDOT/PSS-EFG, PEDOT/PSS-CNT, PEDOT/PSS-EFG/CNT (Figure
3.6a). This outstanding performance may arise from the unique electrocatalytic behavior of
PEDOT/PSS for the Fe2+/Fe3+ redox couple. As reported in literature, excess PSS in
PEDOT/PSS can enhance cation transport through the polymer electrode with a particularly
high affinity to multivalent cations such as Fe2+ and Fe3+. Due to this strong electrostatic
attractions, Fe2+ and Fe3+ ions can easily absorb to the electrode surface of PEDOT/PSS film
electrode.[36,37]Along with the high electrical conductivity and macro-scale porosity of
electrode film (Figure 3.3a and 3.3b), fast ion diffusion and electron transfer is predicted in
PEDOT/PSS electrodes.[31] The performance of PEDOT/PSS was further improved by
increasing the mass loading to 4 mg cm-2 (Figure 3.6b) and adding an additional laser-etching
(Figure 3.6c) process for enhanced output current and output voltage. A full summary of the
tested electrodes and their relative performance is shown in Table 3.1.
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Figure 3.6 Thermo-electrochemical performance (ΔT = 10 °C) including current vs voltage
(linear curve) and power vs voltage (parabolic curves) in n-type electrolyte (PVA-FeCl2/3) of
devices made from (a) pure PEDOT/PSS, PEDOT/PSS-EFG, PEDOT/PSS-CNT, and
PEDOT/PSS-EFG/CNT films where keeping the mass loading of PEDOT/PSS at 1 mg cm -2
in all the sample; (b) PEDOT/PSS films with different mass loading; (c) Laser-etched
PEDOT/PSS films with different mass loading.(d) TEC performance: current and power
versus voltage of the devices made from laser‐etched PEDOT/PSS, PEDOT/PSS film and
pure Pt electrodes in n‐type electrolyte (ΔT = 10 °C).

We further improved the performance sequentially via the combination of optimization of the
mass loading and the laser-etching process. It was found that solely increasing the mass
loading of PEDOT/PSS does not enhance the device output power (Figure 3.6b), resulting in
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a slightly increased current output but decreased open circuit voltage. This is because the
polymer gel electrolyte of PVA-FeCl2/3 could not penetrate effectively and access the inner
surface of thick film electrode, and meanwhile the thick film electrode exhibited an increased
thermal resistance. However, when there is an additional laser-etching steps applied on the 4
mg cm-2 film electrode, the power output was greatly improved from 24 mW m-2 to 38.1 mW
m-2 with both an increase in current densities and open circuit voltage being observed (Figure
3.6c and 3.6d). This is due to the increased exposed area of electrode materials to electrolyte
and the direct exposure of thermally conductive Pt to the gel polymer electrolyte. Further
increasing the mass loading of laser-etched samples could not achieve performance increase
which may arise from the increased electron transport resistance of PEDOT/PSS films and
insufficient precision in the laser-etching process for thicker films (where selectively etching
the PEDOT/PSS without damaging the underlying Pt layer is extremely challenging).

Table 3.1 A full summary of the tested electrodes and their relative performance.
Laser
Etched

Mass
Loading
(mg/cm2)

Current
Density
(A/m2)

Power
Density
(W/cm2)

No

1

-8.84

29.8

1:0.2

No

1.2

-4.13

10.2

PEDOT/PSS-CNT

1:0.2

No

1.2

-5.03

14.0

CMC-K3/4FeCN6

PEDOT/PSS-EFG

1:0.5

No

1.5

-6.07

15.5

CMC-K3/4FeCN6

PEDOT/PSS-EFG/CNT

1:0.5:0.5

No

2

-12.2

39.6

CMC-K3/4FeCN6

PEDOT/PSS-EFG/CNT

2:1:1

No

2

-12.4

40.3

CMC-K3/4FeCN6

PEDOT/PSS-EFG/CNT

2:1:1

No

4

-16.4

53.9

CMC-K3/4FeCN6

PEDOT/PSS-EFG/CNT

2:1:1

No

6

-19.5

60.7

CMC-K3/4FeCN6

PEDOT/PSS-EFG/CNT

2:1:1

No

8

-17.8

47.6

CMC-K3/4FeCN6

PEDOT/PSS-EFG/CNT

1:1:1

No

3

-11.2

32.9

CMC-K3/4FeCN6

PEDOT/PSS-EFG/CNT

2:3:3

No

8

-12.5

36.3

Electrolyte

Electrode Material

CMC-K3/4FeCN6

PEDOT/PSS

CMC-K3/4FeCN6

PEDOT/PSS-EFG

CMC-K3/4FeCN6

Ratio
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CMC-K3/4FeCN6

PEDOT/PSS-EFG/CNT

PVA-FeCl2/3

PEDOT/PSS

PVA-FeCl2/3

PEDOT/PSS-EFG

PVA-FeCl2/3

2:1:1

Yes

6

-18.5

72.9

No

1

11.6

23.1

1:0.2

No

1.2

4.79

9.71

PEDOT/PSS-CNT

1:0.5

No

1.5

4.43

8.65

PVA-FeCl2/3

PEDOT/PSS-EFG

1:0.2

No

1.2

3.68

6.29

PVA-FeCl2/3

PEDOT/PSS-EFG/CNT

1:0.5:0.5

No

2

4.07

5.59

PVA-FeCl2/3

PEDOT/PSS

Yes

2

10.1

19.8

PVA-FeCl2/3

PEDOT/PSS

Yes

4

17.4

38.1

PVA-FeCl2/3

PEDOT/PSS

Yes

6

13.2

20.3

PVA-FeCl2/3

PEDOT/PSS

Yes

8

14.6

22.6

PVA-FeCl2/3

PEDOT/PSS

No

2

12.4

23.2

PVA-FeCl2/3

PEDOT/PSS

No

4

14.2

24.1

After optimization, the laser-etched PEDOT/PSS electrodes delivered a much higher TEC
performance than PEDOT/PSS film and pure Pt electrodes (Figure 3.6d), including the open
circuit voltage (8.5 mV versus 6.7 mV and 8.0 mV), short circuit current density (17.4 A m -2
versus 14.4 A m-2 and 10.2 A m-2), and maximum power density (38.3 mW m-2 versus 24.3
mW m-2 and 20.6 mW m-2). Notably, this is the first time that the performance of an n-type
device was optimized in combination with conducting polymer based electrode materials,
which exhibit even comparable performance with carbon-based materials in aqueous
electrolyte.[21,38] Also, the easiness in dispersion preparation and the good film formation
property of PEDOT/PSS has greatly simplified the film preparation process compared to
those carbon-based electrodes. [21,38]

3.3.3.3

Long-term performance of the optimized p-type device and n-type device

In terms of p type long-term power output of optimized device, the short circuit current (Isc)
along time was measured (Figure 3.7a) and the long-term PMAX/ΔT2 (PMAX=1/4×Isc×Voc)
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was calculated. The high current output and PMAX/ΔT2 dropped greatly and kept stabled after
30 min discharging of the thermo-cell due to the low diffusion rate of redox couples in gel
electrolyte, which is the limitation of all gel-related thermo-cells. Benefiting from the higher
driven potential for ion diffusion, the laser-etched PEDOT/PSS-EFG/CNT is still higher than
the film electrode without laser-etching in terms of long-term current density (1.15 A m-2
versus 1.0 A m-2) and PMAX/ΔT2 (0.0351 mW K-2 m-2 versus 0.0255 mW K-2 m-2). The 38%
improvement in PMAX/ΔT2 indicates the effectiveness of laser-etching process. The long-term
PMAX/ΔT2 of our optimized device is comparable with literature reported gel electrolyte
system.[10,14,16,35]

Figure 3.7 The long-term performance (short circuit current versus time) of the optimized
devices. (a) p-type devices with laser-etched PEDOT/PSS-EFG/CNT and PEDOT/PSSEFG/CNT film as electrodes, (b) n-type devices with laser-etched PEDOT/PSS and
PEDOT/PSS film as electrodes.

In terms of n type long-term performance, the laser-etched process shows the same benefit in
n-type devices as in p-type device (Figure 3.7b). There is a 25% improvement in current
densities (1.5 A m-2 versus 1.2 A m-2) and 60% increase in PMAX/ΔT2 (0.0322 mW K-2 m-2
versus 0.0201 mW K-2 m-2) when compare the laser-etched PEDOT/PSS device to the device
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with PEDOT/PSS film electrodes. The long-term PMAX/ΔT2 is also comparable with the
literature reported gel electrolytes.[10,24,39] In addition, it is found that the output current of this
optimized n-type device is comparable with our optimized p-type device in terms of both the
initial value (17.5 A m-2 versus 18.5 A m-2) and the long-term value (1.5 A m-2 versus 1.15 A
m-2) , indicating the potential for effective p-n in-series connection.

3.3.4

Series connection of optimized n and p type thermocell

3.3.4.1

A pair of p-n cell

As mentioned above, the selection criteria for efficient series connection between p-type and
n-type cells is the comparable output current between each device, which has been achieved
herein via the optimization of both electrolyte and electrode for both p-type and n-type
devices. Here, a typical pair of p-n cells were fabricated for performance examination (Figure
3.8a), where the optimized electrodes of laser-etched PEDOT/PSS and PEDOT/PSSEFG/CNT and the electrolyte of PVA-FeCl2/3 (1 M FeCl2/3) with 0.08 M HCl addition and
CMC-K3/4FeCN6 (0.4 M K3/4FeCN6) were used in n-type and p-type cell respectively. Sputter
coated Pt acts both as the current collector and the connection between adjacent devices. As
expected, the voltage of the p-n combined cell is approximately equal to the sum of the
absolute voltage of both p-type and n-type devices, and increases linearly with △T (Figure
3.8b). Thus the effective Seebeck coefficient of the p-n cell is 1.96 mV K-1, which is also
approaching the sum of the absolute value of each component (-1.17 mV K-1 for p type
device, and +0.85 mV K-1 for n-type device). Further, the initial and the long-term shortcircuit current of p-n cell is nearly the same as the individual p-type and n-type devices at a
△T = 10 K, indicating the efficient matching and low electric resistance of electric
connections between devices (Figure 3.8b). The p-n cell performance at various △T (5~18 K)
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was examined (Figure 3.8c and 3.8d), yielding linear V vs I relationships, parabola P vs V
relationship at all temperature differences. These results indicate that the p-n cell could stably
work at various temperature ranges.

Figure 3.8 A pair of p–n cells. (a) Schematic illustration and photo of the p‐type and n‐type
device connected in series (denoted as p–n cell). Thermoelectrochemical performance of the
p‐type, n‐type, and p–n cells showing (b) voltage at different △T, (c) current (solid circle)
and power output (hollow circle) versus voltage at △T = 10 K. (d) TEC performance: current
(solid circle) and power (hollow circle) versus voltage of p–n cell at different △T.
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3.3.4.2

Multiple p-n cells charging supercapacitors and delighting a green LED

A prototype device of thermo-cell arrays containing multiple p-n cells connected in series
was fabricated (6 pairs of p-n cells in Figure 3.8a, and 3 × 6 pairs of p-n cells in Figure 3.9a
and 3.9b) and the scalability (with respect to the number of p-n units in the device) was
probed. With a △T of 10 K, the voltage increases linearly from 20.1 mV to 351 mV with
increasing number of p-n cell pairs from 1 to 18. We also note that the current output (blue
curve, Figure 3.9c) inevitably decreased when the number of p-n pair increases due to an
increasing amount of electrical resistance between cell connections, and as a result the power
output reaches a plateau when there are 18 pairs of p-n cells. Due to the high energy output
(up to 38.3 μW) from the 18 pair configuration, the p-n cell arrays (△T = 10 K) were able to
charge not only a capacitance dielectric capacitor (C = 10 mF), but also electrochemical
supercapacitors (C = 47 mF, 100 mF, 470 mF) to more than 300 mV (Figure 3.9d). The
charge rate for 10 mF, 47 mF and 100 mF supercapacitors is high and charge could be
finished in few minutes. It also has to be admitted that due to the relatively decreased longterm performance of our thermo-cells employing gel electrolyte, the charging rate of
supercapacitors decreased along with time, especially for supercapacitors with large
capacitance (i.e. 470 mF). This limitation of long-term performance is expectable to be
solved in the future when advanced gel electrolyte was developed and after that the long-term
charging rate would be greatly improved with our advanced electrode and p-n series system.
In addition, we also claim that this is the first time the thermo-cells harvesting low-grade heat
have been demonstrated to charge high energy density supercapacitors, and subsequently
power a LED (Figure 3.9e).
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Figure 3.9 Multiple p–n cells. (a) and (b) Photos of thermocell arrays with 6 pair and 18 pair
p–n cells connected in series. (c) Thermoelectrochemical performance of multiple pairs of p–
n cells at ∆T = 10 K, (d) 18 pair of p–n cells charging capacitors and supercapacitors with
different capacitance, and (e) demonstration of thermally charged supercapacitors
illuminating a green LED.

3.3.4.3

Flexible and wearable p-n cells for body-heat harvesting

To harvest body heat, a flexible thermo-cell which can conform to the curved surface (i.e. the
skin) is preferred. However, it is hard to bend layered devices (thickness > 2 mm in our work)
to a high degree of curvature, even when the individual components are highly flexible, as the
top electrodes (i.e. the electrodes closed to the air) always bear larger deformation relative to
the bottom electrodes (i.e. the electrodes closed to the skin). To address this problem, we
designed a thermo-cell with a watch-strap shape, where the bottom electrodes between p-n
cells were electrically connected on one flexible substrate (i.e. polyimide tape) but the top
electrodes were not connected and separated on different substrates (Figure 3.10a). In this
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case, top electrodes of each p-n pair could move freely, while bottom electrodes can conform
to a high curvature. Meanwhile, flexible and thermally conductive aluminum foil was
attached outside of the thermo-cell device in order to keep the uniform heat transfer through
electrodes. As a demonstration, we have attached 5 straps of thermo-cell arrays (6 p-n pairs)
on the wrist (Figure 3.10b). These 30 p-n pairs can charge a 470 mF supercapacitor during
long-term wear. The charged supercapacitor was able to light a green LED with voltage
booster. The results indicated the practical application of our thermo-cells to power a range of
wearable and portable electronics from low grade body heat.

Figure 3.10 Flexible and wearable p–n cells. a) Schematic and b) photos of the flexible
watch‐strap shaped thermocell for body‐heat harvesting.

3.4 Conclusion
In summary, we have developed high performance p-type and n-type flexible thermo-cells
through systematic investigation of both flexible electrodes and gel electrolytes, which are of
vital importance to establish effectively paired p-n cells. We have shown that an optimized ntype PVA-FeCl2/3 gel electrolyte prepared by an in situ chemical cross-linking method could
exhibit comparable performance with the state-of-the-art p-type electrolyte (CMC82

K3/4FeCN6). Then, we developed and optimized both p-type and n-type electrodes with a
flexible and porous structure. PEDOT/PSS and PEDOT/PSS-EFG/CNT electrodes showed
excellent and comparable performance for n-type and p-type cells respectively, enabling the
devices to be coupled together efficiently. We also indicate that successfully matching these
thermocells by connecting multiple p-n cells in series and achieving an increased voltage to
0.34 V at △T = 10 K, which could output a current large enough to charge supercapacitors.
Furthermore, the demonstration of a flexible watch-strap shaped thermo-cell which can
harvest body heat, charge supercapacitors, and light a green LED, demonstrating the great
potential of our devices in real applications. We believe this systematic investigation and
optimization on the aspect of electrode, electrolyte, and device architectures introduced here
have great significance for the realization of body heat harvesting and the application in real
self-powered wearable electronics.
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Chapter 4 3D Printed All-Polymer Wearable
Thermo-electrochemical cells Harvesting Body
Heat
This chapter is adapted from the article, “All-polymer wearable thermoelectrochemical cells
harvesting body heat”, by Shuai Zhang, Yuetong Zhou, Yuqing Liu, Gordon G. Wallace,
Stephen Beirne, and Jun Chen. This article was published in iScience (2021, 24, 103466).
Adapted with permission from Cell Press.
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4.1 Introduction
With the rapid development of next-generation wearable electronics, such as portable devices
and soft electric devices, there is strong demand for lightweight, wearable and
environmentally friendly energy devices, such as piezoelectric nanogenerators, thermoelectric
generators and thermoelectrochemical cells.[1–4] Human body heat is an accessible, relatively
consistent, and environmentally friendly power source with a temperature difference (ΔT)
between human skin and ambient environment.[5,6] The most convenient strategy to use this
low-grade thermal energy is to convert thermal to electricity. Conventional thermoelectric
generators (TEGs) utilizing the Seebeck effect are mostly dependent on thermoelectric (TE)
materials such as semiconductors or electrical conducting polymers. These TE materials are
either expensive or exhibit low Seebeck Coefficient (Se, Se = ∆V/∆T, the open voltage is ΔV,
and the temperature difference is ΔT) in the range of several hundreds of µVK-1 ,[7] limiting
their application in wearable electronics for harvesting of low-grade body heat.[7]
Alternatively, thermoelectrochemical cells (also called thermogalvanic cells or thermocells)
can generate a larger thermal voltage, which is caused by a temperature-dependent entropy
change during the electron transfer process between the redox couples and the electrode.[8,9]
The simple device structure, the low-cost of electrode and electrolyte materials, and the
relatively large Se has made thermoelectrochemical cells a promising candidate to efficiently
harvest low-grade body heat.

The performance of thermoelectrochemical cells (TEC) is greatly dependent on the electrode
materials employed.[10–12] Electrodes in wearable thermoelectrochemical cells should meet a
number of requirements including low cost, large surface area, high electrical conductivity,
extraordinary flexibility, porous architecture and high thermal conductivity.[10–12][11,13,14] In
previous studies, platinum (Pt) electrodes have been conceived as an ideal electrode material
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for wearable thermocells because of the high electrical conductivity and high catalytic
activity of the material.[13] However, the high-cost of platinum greatly limits its use as a
commercially available electrode material. Carbon based materials, including carbon cloth,
carbon nanotubes (CNTs) and graphene,[15] could provide large active surface areas and high
electrical conductivities, which lead to large numbers of reaction sites and fast electron
transfer kinetics for the redox couples. These advantages could increase the obtainable
current density of thermocell devices.[16] However, there are limitations in the processing of
these carbon materials into a homogeneous dispersion and subsequebtly in making electrodes
from such dispersions.[15,17]

Conducting polymers (CPs) are promising materials for wearable electronics due to their high
electrical conductivity, intrinsic flexibility, relative low-cost, light weight and ease of
preparation.[17] The suitability of CPs as electrode materials for thermocell devices has been
investigated

in

recent

years.

For

example,

poly

(3,4-ethylenedioxythio-phene):

polystyrenesulfonate (PEDOT:PSS), one of the most popular CPs, has been reported to
provide attractive alternative to platinum electrodes.

[18]

Due to a low charge transfer

resistance, films of PEDOT:PSS showed performance that was comparable to carbon-based
materials for a thermocell application.[19] However, current PEDOT:PSS electrodes are
generally in a thin film form prepared via techniques including drop-casting,[19] ink-jet
printing[20] and screen printing,[21] in which the penetration of electrolyte, ion transfer rate and
ion accessible surface area are greatly limited. As a result, it is hard to further increase the
performance (especially the current & power output) of the thermocell using these electrode
configurations. To address this issue, a PEDOT: PSS electrode with a 3D porous structure is
required.
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Herein, we developed a PEDOT: PSS-based ink with rheological properties (in terms of
viscosity, shear thinning, and shear yielding) desirable for 3D printing, which allows the
direct printing of PEDOT: PSS with controlled line spacing and interlayer spacing porosity to
produce well defined structures. The printed porous PEDOT: PSS electrode with an interaxial
design (the printed direction rotated through 45 degree for each successive layer) could
provide surface and cross-sectional area, which enables a high degree of electrolyte
penetration into the electrode for redox reactions to occur and give rise to increased current,
open voltage and power density. Meanwhile, we also find that a thin PEDOT: PSS film
prepared via drop-casting technique, can be integrated with the printed structure to act as the
current collector. This configuration exhibits superior performance in comparison to
conventionally sputter coated platinum films in terms of endurance over repeated bending
cycles and thermoelectrochemical performance (i.e., current & power output). Hence, an all
polymer-based electrode with a 3D printed porous PEDOT: PSS structure integrated with a
thin PEDOT: PSS film, for thermocell applications has been successfully fabricated. In
addition, the prepared all polymer electrodes display excellent and comparable performance
in both n‐type (PVA‐FeCl2/3) and p-type (CMC-K3/4Fe (CN)6) gel electrolytes, so a matched
pair of n-p cell was efficiently achieved. To demonstrate the practical application of our
thermocell, we also fabricated 18 pairs of n-p devices connected in series arranged in a strap
shaped thermocell assembly. The assembled device was able to charge up a commercial
supercapacitor to 0.27 V using the body heat of the person upon which it was being worn and
in turn power a typical commercial lab timer.

89

4.2

Experiment

4.2.1 3D printing electrically conductive substrate selection criteria

In most wearable thermocell studies, sprayed platinum electrodes were used as its high
electrical conductivity and simple fabrication process. However, the prohibitively high cost
of platinum has limited the development of commercially viable electrode materials. In this
chapter, we utilized an electrically conductive polymer substrate (PEDOT: PSS thin film) to
replace of platinum as 3D printing substrate, this will further discuss in the section 4.3.1.

4.2.2 Preparation of printable PEDOT: PSS ink

Firstly, DEG (Diethylene glycol) was added to the DI water, stirred 20 min and sonicated for
30 min. To prepare PEDOT: PSS printable ink, commercial PEDOT: PSS pellets (50 to 600
mg), water (5 ml), DEG (83 to 996 ul) was mixed by Thinky Mixer for 20 min, 2000 rmp and
degassing for 2 min, 800 rmp (weight ratio of DEG: (PEDOT: PSS) =1.86:1). Then, the
prepared ink was carefully transferred to the syringe for printing.

4.2.3 Preparation of gel electrolyte

N type electrolyte: PVA solution of 10 wt% was first prepared, then adding FeCl2·4H2O and
FeCl3 powder (1 M FeCl2/3) with magnetic stirring) for 1 h. The chemical cross-linker of
diluted GA (5 wt% in H2O, mass ratio of PVA: GA = 40:1) was then dropped carefully into
the mixed solution with vigorous magnetic stirring for 30 s. After that, the PVA-FeCl2/3-GA
solution was immediately injected into the assembled thermoelectrochemical device. Finally,
the solid-state gel electrolyte could form after cross-linking at room temperature.
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P type electrolyte: CMC-K3/4Fe(CN)6 gel electrolyte was prepared as following: 5wt% of
CMC powder was adding into 0.4 M K3Fe(CN)6/ K4Fe(CN)6 aqueous solution with magnetic
stirring 4h before injecting into thermoelectrochemical devices for p type performance testing.

4.2.4 Fabrication of wearable themocell electrode via 3D printing method

The electrode fabrication method of wearable themocell was produced by directly 3D
extrusion printing and thermocell fabrication method was the same as described in Chapter 3.

4.3

Results and Discussions

4.3.1 Selection criteria of electrically conductive substrates for 3D printing of
electrode materials

It is widely known that electrode materials in energy devices are usually coated on a
conductive thin film (e.g. platinum, gold, stainless steel, etc), which act as the current
collector to collect electrical current generated at the electrodes.[22] In most thermocell studies,
sputter coated platinum electrodes have been used due to the high electrical conductivity and
high catalytic activity behaviour that platinum provides.[10] However, in wearable
applications, devices are usually bent over large angles (close to 180º) or even twisted as they
conform to the wearer during movement.[12,17,23] Here we found sputter coated platinum (Pt)
is not stable under these conditions and would peel off from the substrate after 10 bending
cycles (see Figure 4.1a).
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Figure 4.1 Substrate selection criteria. (a) Microscope images of bended 100nm Pt and 2 mg
cm-2 PEDOT: PSS film. (b) TEC performance: current and power versus voltage of the
devices made from 100 nm Pt, bended 100 nm Pt, 2 mg cm-2 PEDOT: PSS film and 2 mg
cm-2 bended PEDOT: PSS film in n-type electrolyte (∆T = 10 °C). (c) TEC performance:
current and power versus voltage of the devices made from 100nm Pt, bended 100nm Pt, 2
mg cm-2 PEDOT: PSS film and 2 mg cm-2 bended PEDOT: PSS film in p-type electrolyte
(∆T = 10 °C).

As a result, the thermoelectrochemical performance (i.e., Seebeck coefficient, current density
and power density for short term & long term) in both n-type and p-type electrolyte is greatly
affected as shown in Figure 4.1b, Figure 4.1c and Figure 4.2. Hence, sputter coated Pt is not a
stable conductive substrate upon which to integrate 3D printed active electrode materials for
wearable thermocell devices. To address this problem, we utilized a thin PEDOT: PSS film (2
mg cm-2) as an alternative cast conductive substrate for 3D printing. This thin PEDOT: PSS
film is reported as a flexible and electrically conductive electrode material for thermocell,
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which can be easily fabricated via a simple drop-coating technique (by unifying the
concentration and then controlling the volume of the drop per unit area).

Figure 4.2 Long term comparison TEC performance of bended 100 nm Pt and 2mg cm-2
PEDOT: PSS thin film.

After an optimization study of PEDOT: PSS films with mass loadings ranging of from 0.5
mg cm-2 to 4 mg cm-2 (see Figure 4.3a and Figure 4.3b and thickness in Table 4.1), the
thermocell device made from 2 mg cm-2 PEDOT: PSS film electrode delivered the highest
thermoelectrochemical performance in both n and p type electrolytes. The recorded
performance was compatible with that observed from a device made from 100 nm Pt
electrode (Figure 4.1b and Figure 4.1c). Meanwhile, the performance of thermocells made
with PEDOT: PSS films were almost the same after multiple bending cycles. Therefore, the
PEDOT: PSS film with a mass loading of 2 mg cm-2 was selected for the cast conductive
substrate.
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Figure 4.3 Optimizing PEDOT: PSS thin film underlying substrate. (a) TEC performance:
current and power versus voltage of the devices made from 0.5 mg cm-2 PEDOT: PSS to 4mg
cm-2 PEDOT: PSS in n type system. (b) TEC performance: current and power versus voltage
of the devices made from 0.5 mg cm-2 PEDOT: PSS to 4 mg cm-2 PEDOT: PSS in p type
system.

Table 4.1. Thickness of various electrodes.
Electrode

Mass loading

Thickness

PEDOT: PSS

0.5mg cm-2

4μm

PEDOT: PSS

1mg cm-2

8μm

PEDOT: PSS

2mg cm-2

19μm

PEDOT: PSS

4mg cm-2

36μm

3D-printed PEDOT: PSS on
PEDOT: PSS film

10mg cm-2+2mg cm-2

118μm

3D-printed PEDOT: PSS on
PEDOT: PSS film

20mg cm-2+2mg cm-2

224μm

3D-printed PEDOT: PSS on
PEDOT: PSS film

30mg cm-2+2mg cm-2

317μm
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4.3.2 Ink formulations and printing process

4.3.2.1

Ink preparation process

To prepare homogenous printable ink dispersions, a commercial PEDOT: PSS pellets was
used in this study. PEDOT: PSS pellets and diethylene glycol (DEG) were dispersed in
deionized (DI) water with a weight ratio of (PEDOT: PSS): DEG = 1:1.86 and homogenized
by a Thinky Mixer (see experimental details and Figure 4.4). Here, DEG is used as a
secondary dopant to enhance the electrical conductivity (increasing from 3.2 S cm-1 to 230 S
cm-1, tested via four-probe conductivity), as well as to induce accessible microscale pores
within resultant PEDOT: PSS films.

Figure 4.4 Preparation of 3D printable conducting polymer ink. (a) Step 1, PEDOT: PSS dry
pellets (50 mg to 600 mg); (b) Step 2, adding DEG into water and sonication of 30 min, stir
20 min. (c) Step 3, adding DEG aqueous solution in Step 1; (d) Step 4, Mixing and degassing
using a mixer; (e) Step 5, the resultant homogeneous polymer ink; (f) Step 6, printable
PEDOT: PSS ink.
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4.3.2.2

Ink rheological characterization

As the concentration of PEDOT:PSS increased, the prepared suspension transformed from
liquid state to a gelled and printable state (Figure 4.5a), a result of the entanglement of
PEDOT:PSS fibrils at high concentrations.

[18]

Rheological measurements of the PEDOT:

PSS inks demonstrate the transition from low concentration PEDOT: PSS (10 mg ml -1 to 50
mg ml-1) with low viscosity (1.75 Pa.s to 2297 Pa.s at 0.01 s-1 shear rate) to high concentration
PEDOT:PSS (50 mg ml-1 to 120 mg ml-1) with high viscosity (2297 Pa.s to 25148 Pa.s at 0.01
s-1 shear rate (Figure 4.5b). In addition, all prepared dispersions exhibited a shear-thinning
behaviour as well as an increase in shear-yielding stress from 0.90 Pa to 794.5 Pa with
increasing PEDOT: PSS concentration from 10 mg mL-1 to 50 mg mL-1 (Figure 4.5 and
Figure 4.6). For dispersions with low concentration (10 to 50 mg ml-1), the 3D printed ink
would spread laterally on the substrate upon printing due to the low viscosity and yield stress.
However, the use of concentration of PEDOT:PSS above 100 mg ml-1 would not
continuously flow through an extrusion nozzle resulting in to clogging a printing nozzle (see
Figure 4.6f) due to aggregated PEDOT:PSS.[18] The electrical conductivity of the thermocell
electrodes is one of the key elements affecting performance[10] It is a clear advantage to use as
high a concentration of PEDOT:PSS as possible.[18,24,25] However, the objective of high
electrical conductivity has to be a compromise with processability of the prepared
suspensions. Hence, we found that PEDOT: PSS ink with a concentration of 100 mg mL-1
which exhibited favourable rheological properties with a viscosity of 15485 Pa.s at a shear
rate of 0.01S-1 and shear yield stress of 572 Pa, can be considered as an optimized ink to be
processed through extrusion based 3D printing.
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Figure 4.5 (a) Images of dispersible solution with varying PEDOT: PSS concentration,
apparent viscosity as a function of shear rate (b) for conducting polymer inks of varying
PEDOT: PSS concentration and (c) shear storage modulus as a function of shear stress for
conducting polymer inks of varying PEDOT: PSS concentration.
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Figure 4.6 (a-f) Rheological characterizations of conducting polymer inks with varying
PEDOT: PSS concentration: storage and loss moduli as a function of shear stress for
conducting polymer inks with PEDOT: PSS concentration from 10 mg ml-1 to 120 mg ml-1.

4.3.2.3

Interaxial 3D printed patterns

The prepared ink could be printed via our 3DREDI being manufactured by TRICEP at
University of Wollongong (see Figure 4.7a). As 3D printed patterns can affect the electrical
and mechanical properties of final energy devices performance,[26,27] a newly interaxial
pattern (in this design, the printed direction rotated through 45 degrees for each successive
layer) was printed with speed of 200 mm min-1 and nozzle size of 0.15 mm were utilized. The
designed layer-by-layer printing patterns are shown in Figure 4.7b with a line spacing of 0.2
mm. The rotating 45o interaxial pattern is designed to create high porosity through both the
surface and cross-sections of the multi-layer PEDOT: PSS structure. This is because of the
lower electrical resistance resulted from more electrical channels and the robust structure
with higher modulus in 3D printed structure with interaxial angle of 45o.[28]
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Figure 4.7 (a) The process of 3D printing flexible interaxial PEDOT: PSS electrode. (b)
Design interaxial porous structure process.

4.3.3 Physical Characterization of 3D printed PEDOT: PSS

4.3.3.1

Surface and cross-section SEM images of 3D printed PEDOT: PSS

Figure 4.8 shows the SEM images of 3D printed porous PEDOT: PSS electrode (surface and
cross-section). This 3D porous patterned architecture is expected to increase the ionically
accessible surface area of the electrode and facilitate the penetration of electrolyte into the
active electrode materials.

Figure 4.8 SEM images of surface (a) and (b), (c) cross-sectional 3D printed PEDOT: PSS.
99

4.3.4 Electrochemical performance of wearable thermocell from 3D Printed
PEDOT: PSS electrode

4.3.4.1

3D printed PEDOT: PSS compared with PEDOT: PSS film on the
performance of n-p type thermocell

We further compared the TEC performance of PEDOT: PSS film and the 3D interaxial
porous PEDOT: PSS electrode in both n and p type electrolyte systems (Figure 4a and 4.9b).
The PEDOT: PSS film mass loading was 12 mg cm-2. The mass loading of the 3D printed
interaxial porous PEDOT: PSS was 10 mg cm-2 which was printed onto a 2mg cm-2
conductive substrate, so the total 3D interaxial porous PEDOT: PSS electrode is 12 mg cm-2
(the mass loading of 1 layer 3D-printed PEDOT: PSS electrode is 1 mg cm-2). Electrolyte
systems were p-type: CMC-K3/4FeCN6, and n-type: PVA-FeCl2/3, respectively with a system
temperature difference (ΔT) of 10 oC (TH = 35 °C & TC = 25 °C). Due to the open and porous
structure (Figure 4.8) as well as the good wettability of PEDOT:PSS,[19] the thermocell made
from the 3D printed PEDOT:PSS electrode exhibited an enhanced thermoelectrochemical
performance compared to PEDOT:PSS film with increasing current from 8.2 A m-2 to 13.0 A
m-2 and power density from 12.2 mW m-2 to 25 mW m-2 for n type and 15.2 A m-2 to 27.5 A
m-2 and power density from 30.2 mW m-2 to 70 mW m-2 for p type (Figure 4.9a and 4.9b). In
addition, the use of 3D electrode also increases the open voltage compared to the 2D film
electrode from 5.86 mV to 6.90 mV in n type device and from 7.40 mV to 9.21 mV in p type
device. This result is due to the 3D porous structure enabling greater heat transfer efficiency
from electrode surface to the electrode/electrolyte interface,[17] and thus the real temperature
difference between the cold side and hot side of 3D printed electrode/electrolyte interface is
increased.
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For long-term current output of both PEDOT: PSS film and 3D porous structure PEDOT:
PSS, the short circuit current (Isc) over time was measured and evaluated (Figure 4.9c and
4.9d). It was observed that the current output dropped dramatically and stabilised at a value
of approximately 1 A m-2 after 30 min. This was due to the redox couples’ low diffusion rate
in gel electrolyte systems.[29] Due to the higher driven potential for ion diffusion, the longterm current density of the 3D printed porous PEDOT:PSS electrode was still higher than that
of the PEDOT:PSS film electrode (1.25 A m-2 versus 1.05 A m-2 in n type) and (1.15 A m-2
versus 0.94 A m-2 in p type).

Figure 4.9 TEC performance: current and power versus voltage of the devices made from 3D
porous structure PEDOT: PSS and PEDOT: PSS film in n type system (a) and in p type
system (c). Long-term comparing TEC performance: PEDOT: PSS film & 3D porous
structure PEDOT: PSS in p type system (b) and in p type system (d).
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4.3.4.2

Electrochemical performance of 3D printed PEDOT: PSS and PEDOT: PSS
film in both n and p type thermocell

In addition, cyclic voltammograms (CV) with scan rate of 10 mV s-1 were performed, where
the faradic peak current density provides insight into the electroactive surface area (ESA) of
the electrode and could greatly affect the thermocell devices performance.[15] It is clearly seen
that the 3D printed porous structure PEDOT:PSS exhibited higher peak current density than
the 2D film under the same mass loading (10 mg cm-2) in both types (Figure 4.10a for n type
and Figure 4.10c for p type). Table 4.2 indicates that the 3D porous PEDOT: PSS electrodes
could provide larger electroactive surface area than the 2D film electrode so as to enhance the
current density.

Electrochemical impedance spectroscopy (EIS) was also performed. The equivalent series
resistance (ESR, the intercept of the curve with the x-axis of the Nyquist plot) of 3D porous
structure PEDOT: PSS was slightly reduced compared with 2D PEDOT: PSS film in both
types (Figure 4.10b and Figure 4.10d). These measurements indicate that 3D porous structure
PEDOT: PSS electrode gave the benefit of lowering the activation barrier in thermocell
reactions. The improved reaction characteristics, also led to the ESR being significantly
reduced from 5.4 to 5.2 Ω in n type and from 11.1 to 9.6 Ω in p type as shown in Figure
4.10b and Figure 4.10d insert images. In addition, the charge transfer resistance (Rct, the
diameter of the semicircle) can clearly be seen for the 3D porous PEDOT: PSS (3.7 Ω) and
PEDOT: PSS film (4.32 Ω) in n type; 3D porous PEDOT: PSS (8.1Ω) and PEDOT: PSS film
(8.4Ω) in p type, respectively. These observations from EIS agree with the CV results.
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Figure 4.10 (a) and (b) CV and EIS: Comparison TEC performance of 3D printed porous
PEDOT: PSS electrode and 2D film in n type. (c) and (d) CV and EIS: Comparison TEC
performance of 3D printed porous PEDOT: PSS electrode and 2D film in p type.

Table 4.2 Electroactive surface area (ESA) of the various electrodes.
n type (cm2)
2.68
2.29

Electrode
3D porous PEDOT: PSS
2D film PEDOT: PSS

p type(cm2)
2.86
2.31

By obtaining the faradaic peak currents of CV (Figure 4.1) run at 10 mV/s scan rate and using
the Randles-Sevcik equation, the ESA may be determined in equation 4.1.
𝑖𝑝 = 0.4463nFAC√(nFvD/RT)

Equation 4.1

Where is ip the peak current, n is the number of electrons, F is Faraday’s constant, A is the
ESA, C is the electrolyte concentration, ν is the rate at which the potential is swept, D is the
electrolyte diffusion coefficient, R is the universal gas constant, T is the temperature. The
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diffusion coefficient of p-and n-type redox couples electrolyte were measured through threeelectrode system using thin-film platinum electrode (Microelectrode, ED-SE1-Pt, Micrux)
where the ESA of platinum electrode was provided. Then standard diffusion coefficient value
was substituted into the Randles-Sevcik equation for calculating the ESA of electrodes (see
Table 4.2).

4.3.4.3

Evaluation and optimizing various mass loading on the performance of 3D
printed PEDOT: PSS electrode in both n and p type thermocell

Then, we printed various layers of 3D porous PEDOT: PSS on PEDOT: PSS thin film
substrate (2 mg cm-2) as electrode materials for both n and p types. In order to improve
thermocell performance, we further increased the printed layer of PEDOT: PSS from 10
layers to 30 layers (equals to 10 mg cm-2 to 30 mg cm-2 of mass loading, electrode thickness
in Table 4.1) to facilitate an increase in electroactive sites (Figure 4.11a). The
thermoelectrochemical performance in n type electrolyte was improved with increasing layers
of 3D printed PEDOT: PSS, while it reached a plateau when the number of layers went
beyond 20. This was ascribed to the restricted ion penetration into the outer part of electrode
materials which was not directly exposed to the electrolyte. In addition, higher layers of
electrode also inhibited the effective heat transfer, as indicated by the decreased open circuit
voltage. For the long‐term performance of the n-type optimized thermocell device (see
Figure 4.11b), the high current output decreased initially, which is a disadvantage of all gel
electrolyte based thermocells.[17] However, it is noted that the 3D printed electrodes
optimized for n type thermocells can exhibit a higher long‐term JSC (1.65 vs 1.50 A m-2). This
represents a 10% improvement upon our previous reported work using laser-etched
PEDOT:PSS film as electrode.

[17]

Meanwhile, CV curves (scan rate of 10 mv s-1) in Figure

4.11c also clearly indicate the best electroactive properties of the 20-layer PEDOT: PSS
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electrode. Electrochemical impedance spectroscopy (EIS) was also carried out in the n-type
electrolyte, where it was clearly found that the ESR was significantly reduced from 6.37 Ω (2
mg cm-2 PEDOT: PSS film) to 5.13 Ω (20 layers of 3D printed PEDOT: PSS on top of
PEDOT: PSS thin film), denoted as 20-layer PEDOT: PSS) (Figure 4.11d inset). The Nyquist
plot also shows that the charge transfer resistance (the diameter of the semicircle) of 4.16 Ω
and 5.3 Ω for 20-layer PEDOT: PSS and 2 mg cm-2 PEDOT: PSS film. These observations
from EIS and CV are consistent with the results of the thermoelectrochemical performance.
Therefore, 20-layer PEDOT: PSS is the optimized electrode for n-type thermocells.

Figure 4.11 Optimizing electrodes for n-type cell. (a) TEC performance: current and power
versus voltage of the devices made from various layers porous PEDOT: PSS. (b) Long term
comparison TEC performance of various layers porous PEDOT: PSS. (c) and (d) CV and EIS:
Comparison TEC performance of various layers porous PEDOT: PSS electrode in n type.
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After the optimization for n-type thermocells, thermoelectrochemical performance of 3D
printed electrode in p-type gel electrolytes were also investigated. It was found that 10 layers
of PEDOT: PSS on 2 mg cm-2 PEDOT: PSS film exhibits the best performance (Figure
4.12a). The current density was also improved by 11% (1.26 vs 1.13 A m-2 in Figure 4.12b)
when compared to our previously reported PEDOT:PSS-edge functionalized graphene/carbon
nanotube electrode (PEDOT: PSS/EFG/CNT).[17] CV and EIS results also confirmed 10-layer
PEDOT: PSS as the optimized electrodes with highest electroactive behaviour and lowest
resistances (i.e., ESR & charge transfer resistance), as shown in Figure 4.12c and Figure
4.12d.

Figure 4.12 Optimizing electrodes for p-type cell. (a) TEC performance: current and power
versus voltage of the devices made from various layers porous PEDOT: PSS. (b) Long term
comparison TEC performance of various layers porous PEDOT: PSS. (c) and (d) CV and EIS:
Comparison TEC performance of various layers porous PEDOT: PSS electrode in p type.
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4.3.5 Reversibility of thermocell

The thermoelectrochemical performance of thermocell devices is greatly dependent on the
temperature difference between the two electrodes, so the devices were tested under various
ΔT.[10] Here, the cold side or the warm side was kept constant as 10 oC or 30 oC respectively,
and then the other side increased from 10oC to 30 oC or decreased from 30 oC to 10 oC to
create controlled ΔT’s in the range of 0 oC to 20 oC. The open voltage of the optimized n and
p type cells increased or decreased almost linearly with ΔT (Figure 4.13a and Figure 4.13c).
Thus, the effective Se of n and p type cells was calculated to be 0.65 mV K-1 and 9 mV K-1,
respectively. Current density also increased linearly with ΔT, while power density has a
linear relationship with (ΔT)2 as shown in Figure 4.13a- Figure 4.13d, which indicates that
the individual optimized n and p cells were stable at various temperature gradients.
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Figure 4.13 TEC performance: current and power versus voltage of optimized p–n cell at
different △T. (a) and (b) optimized n type TEC performance at different △T, (c) and (d)
optimized p type TEC performance at different △T, (e) and (f) optimized n and p type
connected in series TEC performance at different △T.
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4.3.6 Fabrication of optimized n and p type thermocell

4.3.6.1

A pair of p-n cell

When multiple cells are assembled into a series circuit, the current output is rate limited by
the individual cell with the least performance and the open voltage is the sum of all the
individual cells.[23] To effectively connect the n type and p type thermocells in series, single
devices with similar current output should be matched for one pair of n-p thermocells. We
found that, our optimized n type and p type cells just in line with this requirement with
comparable current densities of 26.1 A m-2 and 27.5 A m-2 at ∆T=10 oC respectively, and
therefore were selected for a matched n-p thermocells (Figure 4.13b and Figure 4.13d). Thus,
a pair of n–p cells connected in series was fabricated (Figure 4.13e insert) and the
thermoelectrochemical performance characterised (Figure 4.13e and Figure 4.13f). The n-p
cell performance between ∆T’s of 5–20 oC were examined, yielding linear V versus I and
parabolic P versus V relationships at all temperature differences. The n-p cell exhibited
current density of 26.0 A m-2 and open circuit voltage of 15.5 mV at ΔT=10 °C, where the
current density is same with n and p type single devices and the voltage value is the sum of n
and p type single cells (Figure 4.14a). In addition, long‐term output current of the n-p cell
was consistent with that of the individual optimized n type and p type. All the results
demonstrate the efficient matching of the optimized n and p type devices for n-p cells (Figure
4.14b).
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Figure 4.14 (a) TEC performance of a pair of n-p type cells connect in series. (b) Long term
comparison TEC performance of optimized p-type device and n-type device connect in series.

4.3.6.2

Multiple p-n cells charging supercapacitors

To further promote application, flexible multi- n-p cell assemblies (up to 18 pairs) were
fabricated as shown in Figure 4.15a and Figure 4.15b. To facilitate the heat transfer between
the assembled device and the environment, polyimide tape (PI), the support substrate used for
PEDOT: PSS electrode, was adhered to aluminium foil. Sputter coated Pt was used as the
interconnection between single devices and copper tape was used to connect multiple n-p
cells to external electrical connections. Wearable polydimethylsiloxane (PDMS, SE 1700
clear base and catalyst) was 3D-printed as the spacer to encapsulate the gel electrolyte. The
power density of the multi-cell arrangement was measured and found to increase from 10.5
µW (1 pair) to 45 µW (18 pairs) at △T= 10 °C. The open voltage also increased from 15.5
mV (1 pair) to 270 mV (18 pairs) (Figure 4.15c and Figure 4.16). However, due to the
increased resistance between fabricated thermocell connections, the current output inevitably
decreased when the number of n-p pair increased (see Figure 4.16). This n-p cell arrays could
charge up various commercial electrochemical supercapacitors (C =1, 4.7, 22, 47 and 100
mF) to more than 200 mV (see Figure 4.15d). It was also observed that due to the relatively
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decreased long-term performance of our thermocells employing gel electrolyte, the charging
rate of supercapacitors (C = 100 mF) decreased along with time. Notably, this is the first time
that a flexible thermocell device has been fabricated using the 3D printing all polymer
electrodes.

Figure 4.15 Evaluation of p-n cells connected in series. (a) Photo demo of thermocell arrays
with serial 6 pairs n-p cells. (b) Prototyping thermo-electrochemical device of n-p cells. (c)
When ∆T = 10 K, 1 to 18 serial pairs of n-p cells TEC performance and (d) 18 serial pairs of
n-p cells charging up commercial super-capacitors with different capacitance.
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Figure 4.16 Thermo-electrochemical performance of 1-18 pairs of p-n cells at △T = 10 K.

4.3.6.3

Wearable p-n cells for body-heat harvesting

In order to harvest body heat, a wearable thermocell that can conform to a curved body
surface is preferred. To achieve this aim, we designed a strap shaped wearable thermocell as
shown in Figure 4.17a. The fabricated device is shown in Figure 4.17b. The benefit of this
design is that the top electrodes of the wearable strap shaped thermocell could move freely so
that the strap arrangement could bend around the contours of the wearer. This ensured that
the bottom electrodes of the device could conform closely to the skin of the wearer (Figure
4.17c). As a demonstration (Figure 4.17d), we have attached the strap shaped thermocell
array to a human body. The wearable thermocell could charge up a 100 mF supercapacitor,
and then power a lab timer when coupled with a voltage booster. The results indicated the
practical application of our wearable thermocells in powering wearable electronics utilizing
low grade human body heat.
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Figure 4.17 Wearable n-p cells. (a) Design wearable thermocell. (b) Fabrication of wearable
thermocell. (c) Photo of the wearable watch-like thermocell for body-heat harvesting. (d)
Wearable watch-strap shaped thermocell. (d) Watch‐strap shaped thermocell charge
supercapacitor and light a lab watch screen.

4.4

Conclusion

In conclusion, we have fabricated novel wearable multi-unit thermocells assembly through
3D-printing all polymer-based flexible electrodes. We also matched serial thermocells and
brought about an open voltage of 0.27 V to charge up a supercapacitor and store the
harvested energy when operating with a △T = 10 oC. Moreover, the demostation of a
wearable thermocell, which can harvest body heat, charge commercial supercapacitors, and
even power a lab timer, shows the great potential of our wearable device in practical
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applications. This work provides a platform for the future development of 3D-printable
integrated wearable device systems.
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Chapter 5 Wearable Photo-ThermoElectrochemical Cells (PTTCs) from Drop
Coating PEDOT: PSS Film
This chapter is adapted from the article, “Wearable Photo-thermo-electrochemical Cells
(PTECs) Harvesting Solar Energy” by Yuqing Liu, Shuai Zhang, Stephen Beirne, Kyuman
Kim, Chunyan Qin, Yumeng Du, Yuetong Zhou, Zhenxiang Cheng, Gordon G. Wallace, and
Jun Chen. This article was published in Macromolecular Rapid Communications. (2022,
2200001). Adapted with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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5.1 Introduction
Wearable electronics, such as smart watches, activity trackers, cardiac pacemakers,
electrocardiogram sensors, and electronic skins, are playing significant roles in daily human
life and health monitoring applications.[1–3] To eliminate manual device charging processes
and reduce battery waste, self-powered wearable devices, which can harvest energy from the
ambient environmental or human body (e.g. sunlight, wind, human motion or body heat) via
solar cell, piezoelectric, triboelectric or thermoelectric techniques are now attracting
significant attention.[4–9] Among these energy harvesting technologies, thermo-to-electric
(ToE) conversion technologies, including thermoelectric generators (TEG)[10–14] and thermoelectrochemical cells (TECs)[15,16], are highly attractive as they enable constant electric power
generation from the inherent temperature difference (ΔT) between human skin and the
ambient environment. However, the ΔT can at times be quite low, especially in summer
conditions or in regions of year-round warmth. Seeking another supplemental heat source, in
addition to body heat, for ToE conversion technologies is necessary under these
circumstances.

Solar energy is widely explored by photovoltaics in the ultraviolet to visible light range,
while it is also an indirect thermal energy source in our living environment through the
photo-to-thermal conversion via photothermal (PT) effect. Based on PT and thermoelectric
effect, photo-thermoelectric generator (PTEG) devices have been rapidly developed to
convert solar energy to electricity in recent years [17–20] Common strategies to integrate PTEG
into devices is to apply a layer of solar absorber on one end of the thermoelectric legs for
planar TEG devices or on the top surface of commercial TEG devices. The layer of solar
absorber usually consists of photothermal materials, including nanoscale plasmonic metal
(like gold nanorods[18], layered Ti/MgF2 superlattice[17], Cu nanoparticles grown on Zn
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foil[19]), inorganic semiconductors (like MoS2[20]), conducting polymers (such as
polypyrrole[21], polythiophene[22]) and carbon-based materials (like carbon nanotubes[23],
reduced graphene oxide[19]). To realize wearable applications, solar absorbers were also
incorporated into rubber-like polymers to form composite films (e.g., graphene/ecoflex[24], or
MoS2/polyurethane[20]). Meanwhile, unconventional flexible thermoelectric materials
including conducting polymers and carbon materials have been employed as thermoelectric
legs due to the demand of flexibility in wearable applications. Examples of flexible
thermoelectric

(TE)

materials

are

poly(3,4-ethylenedioxythiophene):polystyrene

(PEDOT:PSS)/Ag2Se[18], Te/PEDOT, PPy wrapped carbon nantubes[21], carbon nanotubes[23],
reduced graphene oxide[19] and so on. Due to the excellent solar absorbing and PT effect, the
temperature difference between two electrodes of PTEGs can be boosted from 20 to 40 °C
under solar illumination at room temperature. However, due to the low Seebeck coefficient of
flexible TE materials, the value of the induced indirect photovoltage is only in the range of
hundreds of μV per single device, further reaching 10’s of mV when multiple devices are
electrically connected in series. This cumulative output is still far from satisfying the voltage
requirements (several hundreds of mV or several V) of wearable electronics.

TEC is another ToE conversion technology favorable for low-grade heat harvesting due to
the high Seebeck coefficient (Se = ∆V/∆T, where ∆V is the open circuit voltage and ∆T is the
temperature gradient) in the order of mV K-1. TEC consists of two identical electrode
materials sandwiching a electrolyte containing redox couples, which harvest thermal energy
through temperature-dependent electron transfer between redox couples and electrodes.[25–27]
Towards the wearable application of TECs, great efforts have been devoted in aspects
including flexible electrode materials (e.g., carbon nanotube[28,29], graphene[28], conducting
polymers[30], platinum nanoparticles[28], etc.), gel-electrolyte (including polymer-based p118

type[16,31–33] and n-type electrolyte[16,30,34–36]) and in series connection of p-n pairs[16,37]. These
electrode and electrolyte materials are relatively low-cost and intrinsically flexible, compared
to the conventional semiconductor TE materials, so the fabricated wearable TEC harvesting
body-heat is considered as a promising strategy to power wearable electronics.

[25–27]

However, in terms of solar energy employment, wearable TEC is still in its infancy. Ho et al
has made the first effort in converting solar energy to electricity using TEC, where a
CNTs/CNCs electrode served as the solar absorber as well as electrode materials.[38]
Employing a liquid electrolyte of FeCl2/3, the single device could achieve an output voltage of
9 mV under solar illumination. Despite no current and power output recorded in this work, it
shows the great potential of TECs in harvesting solar energy. However, due to the
sandwiched device architecture and the high chemical activities of the redox-active
electrolyte other than the planar design and chemically stable solid TE materials in wearable
TEG, the device design and the selection of light absorber should be carefully considered in
order to pursue high-performance of solar-driven wearable TEC.

In this work, a wearable photo-thermo-electrochemical (PTEC) cell (as shown in Figure 5.1)
was first investigated, where both p-type and n-type single PTEC device is optimized and
successively enabled effective series connection of p-n device arrays for solar energy
harvesting applications. Firstly, a flexible PT material, PEDOT:PSS, was selected for the
solar absorber and hot electrode (denoted as flexible photothermal electrode materials,
abbreviated as fPT electrode) of PTEC, which shows superior PT performance than other
materials like rGO-PEDOT:PSS. A flexible and transparent substrate (SubFT) of polyethylene
terephthalate (PET) was used for the fPTE materials as opposed to the generally used Kapton
or ITO substrate. Secondly, the PEDOT:PSS/PET fPT electrode/ SubFT combination was
assembled into a PTEC device and the performance is examined in both p-type and n-type gel
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electrolytes, which delivers best performance among the device with other fPT electrode/
SubFT combinations. Meanwhile, a pair of p-type and n-type PTECs (p-n cells) with
comparable output current were coupled to achieve a power density equal to the sum of pand n-type half-cells, indicating the low internal resistance of the electrode materials and
effective matching of p-n cells. Subsequently, an array with 18 pairs of p-n cells were
fabricated, which can achieve a high voltage under solar simulator illumination and charge
supercapacitors to above 250 mV. We further demonstrate a watch-strap style integrated
device that can be worn on the wrist where the recorded solar light driven voltage output
indicates the potential of this devices applicability to real-world use.

Figure 5.1 Structure illustration of the integrated wearable PTEC device, where p-type and ntype devices connected in series to form a pair of p-n cells and then multiple p-n cells were
connected in series.
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5.2 Experiment

5.2.1 Preparation of flexible PT electrode/transparent on flexible and transparent
substrate (fPT electrode/ SubFT).

The fPT electrode of PEDOT: PSS and rGO-PEDOT: PSS film were prepared by bar-coating
a thin layer of the mixed dispersion on the flexible and transparent substrate (i.e., PET, KT,
ITO-coated PET). The films were dried at room temperature overnight, followed by heating
in an oven at 70 °C. The dispersion of PEDOT: PSS was prepared by dispersing the PEDOT:
PSS pellets in deionized water at a concentration of 20 mg mL-1 by magnetic stirring
overnight. rGO-PEDOT: PSS dispersion were prepared by reducing GO (prepared by
improved Hummer’s method) via HPA under the presence of PEDOT: PSS in the dispersion
(GO-PEDOT: PSS dispersion, the weight ration of GO to PEDOT: PSS is 1:1) according to
our previously reported method. It is noted that DEG was added into the obtained PEDOT:
PSS and rGO-PEDOT: PSS dispersion at a DEG:solid-content weight ratio of 1.86:1. The
role of DEG is to improve the electrical conductivity of PEDOT:PSS.

5.2.2 Preparation of gel electrolytes

The n-type electrolyte of PVA-FeCl2/3 was prepared by the chemically cross-linking of PVA
via GA in the PVA-FeCl2/3 solution. In detail, FeCl2∙4H2O and FeCl3 powder were dissolved
into prepared PVA aqueous solutions by magnetic stirring for 1 h, where the weight ratio of
PVA solution is 5 wt.% and the final concentration of FeCl2 and FeCl3 is 1 M for each. Then,
the chemical cross-linker of diluted GA (5 wt.% in H2O, mass ration of PVA:GA = 40:1) was
dropped into the PVA-FeCl2/3 solution with vigorous magnetic stirring for 30 s, followed by
the immediate injection of PVA-FeCl2/3-GA solution into assembled photo-thermo121

electrochemical device for 1h cross-linking at room temperature. The p-type gel electrolyte of
CMC-K3/4Fe(CN)6

was

prepared

by

dissolving

CMC

powder

into

0.4

M

K3Fe(CN)6/K4Fe(CN)6 solution with magnetic stirring overnight. Before injected into the
photo-thermo-electrochemical device for performance testing, the prepared viscous CMCK3/4Fe(CN)6 solution was stirred for at least 30 min.

5.2.3 Photo-thermo-electrochemical Measurement

The photo-thermo-electrochemical performance of PTEC devices with different fPT
electrode/SubFT combinations in both p-type and n-type gel electrolytes were tested as shown
in Figure 3a. The PTEC device consists of a top electrode (fPT electrode/SubFT combination),
bottom electrode (PEDOT: PSS film on Kapton), with an acrylic frame (1 × 1 cm2 lateral size
and thickness of 2 mm) that confined gel electrolyte in between the top and bottom electrodes.
In addition, there were two holes on the side of the acrylic frame for the injection of
electrolyte precursor, which needed to be gelled in the set-up for 1h prior to testing. A solar
simulator (LCS-100 series solar simulator, AM 1.5G, 1 sun) was used in this study for
controlled simulation of sunlight. During testing, the top side was illuminated under the solar
simulator with the distance between simulator and the top surface of the device varying from
2 cm to 6 cm; The bottom electrode on the Kapton tape was adhered to an aluminium plate,
which was kept at 22 °C (simulating room temperature) by a home-made temperature
controller. The open-circuit voltage (VOC) was measured and current-voltage characterization
of the cells performed using a VSP electrochemical workstation (Bio-Logic, France).

122

5.2.4 Device assembly of series-connected photothermoelectrochemical cells

The PTEC device containing a series of interconnected p-type and n-type devices were
fabricated. These devices consist of a laser-cut acrylic frame (Figure 5.12, with each cell size
[l × w × t] being 0.5 × 0.5 × 0.2 cm), drop-casted PEDOT: PSS electrodes and sputter-coated
platinum connections on PET and Kapton tape respectively, and injected p-type and n-type
gel electrolytes. First, 100 nm platinum connections was sputter coated on PET and KT
substrate with designed patterns, followed by selective drop-casting of PEDOT: PSS film
electrode (0.5 × 0.5 cm) on the designed area. The acrylic frame was then sandwiched
between the electrode-Pt coated PET and electrode-Pt coated KT and sealed by epoxy resin
glue. Finally, electrolyte precursors were injected into the cells through PET by syringe
equipped with needle. After carefully seal the holes on PET created by the syringe needle by
little amount of epoxy resin glue, a series connected PTEC device was prepared. Flexible
watch-strap shaped PTECs was also prepared in the same procedure but replacing the acrylic
frame with a 3D printed flexible PDMS frame.

5.2.5 Device UV-vis-NIR Absorption efficiency

The optical transmittance (T) and reflectance (R) measurement in the wavelength range of
300 nm – 1.4 μm of the fPT electrode/SubFT assembly was carried out via Shimadzu UVvis-NIR spectrophotometer (UV-2600). The absorption efficiencies (absorbance, A) were
then calculated by A=1-R-T.
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5.3

Results and Discussions

5.3.1 Photothermal performance of the flexible photothermal electrode/transparent and
flexible substrate (fPT electrode/f&t sub) combinations

The structure of the integrated wearable PTEC were depicted in Figure 5.1. Single PTEC
with alternating negative Se (p-type PTEC, analogous to the p-doped TEG) and positive Se (ntype PTEC, analogous to the n-doped TEG) were coupled in series, which can improve the
overall output voltage for practical applications. Each single PTEC device consists of a
transparent and flexible substrate (SubFT), fPT electrode coated on the SubFT, polymer-based
gel electrolyte containing corresponding redox couples (i.e., p-type: K3/4(FeCN6), n-type:
FeCl2/3) and a cold electrode coated on the commonly used Kapton substrate.

To realize excellent photothermal conversion on the top fPT electrode, various fPT materials
on SubFT were explored. Amongst the range of photothermal materials, flexible films of
PEDOT:PSS and reduced graphene oxide (rGO)-PEDOT:PSS demonstrate good solar
absorbing and photothermal conversion performance as well as excellent thermoelectrochemical performance, and were therefore selected as fPT electrode.[22,30,39–43]
Transparent and flexible plastic films including polyethylene terephthalate (PET), Kapton
(KT) substrate, indium tin oxide coated PET (ITO-PET) were selected as the SubFT for fPT
electrodes. PET showed good transmittance in UV-vis-NIR-infrared range of solar spectra,
Kapton is the most widely used substrate for TEG and TEC due to its good thermal stability,
while ITO-PET was also investigated with the intent to improve the electrical conductivity of
electrode materials.
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The fPT films were produced from prepared dispersions of PEDOT:PSS and rGOPEDOT:PSS via a simple drop-casting method. However, both PEDOT:PSS and rGOPEDOT:PSS films peeled off from ITO-PET, and the rGO-PEDOT:PSS film peeled off from
Kapton (Figure 5.2), due to a mismatch between the mechanical properties of the underlying
substrate and those of the coated inks when dried.[44]

Figure 5.2 Photo of PEDOT: PSS and PEDOT: PSS-rGO film on different substrate.

Only PEDOT: PSS film on PET, PEDOT: PSS film on KT, and rGO-PEDOT: PSS film on
PET (denoted as PEDOT: PSS/PET, PEDOT: PSS/KT, and rGO-PEDOT: PSS/PET,
respectively) were successfully prepared and exhibit high flexibility (Figure 5.3a). Hence,
these three kinds of fPT electrode/ SubFT combination were selected for further study.
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Figure 5.3 Photothermal performance of the flexible photothermal electrode/transparent and
flexible substrate (fPT electrode/f&t sub) combinations. a) Photo and b) absorption efficiency
of different fPT electrode/ f&t sub combinations. c) setup of temperature measurement of fPT
electrode below substrate under solar simulator illumination. The temperature increase of d)
different fPT electrode/ f&t sub combinations (PEDOT: PSS/PET, PEDOT: PSS-rGO/PET,
PEDOT: PSS/KT), e) PEDOT: PSS on PET with different mass loading (0 - 2 mg cm-2) of
PEDOT: PSS and f) PEDOT: PSS (2 mg cm-2) on PET with different distance between solar
simulator and sample surface.

In order to examine the photothermal (PT) effect, an LCS-100 series small area solar
simulator (AM 1.5 G, 1.0 sun) was used to illuminate the surface of SubFT/fPT electrode
(lateral size: 3.8 cm × 3.8 cm) (Figure 5.3c). Meanwhile, a temperature sensor was employed
to record the temperature of the fPT electrode. All samples experienced temperature increase
from initial room temperature upon illumination and reached equilibrium temperature after
600 s irradiation (the distance between solar simulator and sample, D = 4 cm). Among them,
126

PEDOT:PSS under PET exhibited the largest temperature increase to 53.6 °C from room
temperature (23 °C) much higher than PEDOT:PSS under KT (49.5°C) and rGOPEDOT:PSS under PET (45.2 °C). This is because of the higher transmittance of the PET
substrate compared to KT substrate (Figure 5.4), as well as the higher absorption efficiency
of PEDOT:PSS in comparison to the rGO-PEDOT:PSS fPT electrode (Figure 5.3b) in UVvis-NIR range (from 300 nm to 1.4 μm).
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Figure 5.4 The transmittance spectra of different substrate (PET, Kapton, ITO-PET).

The PT effect of PEDOT:PSS/PET with different PEDOT:PSS mass loadings was also
examined (Figure 5.3e). The PEDOT/PSS film changed from light blue to dark blue
gradually with the increase of mass loading from 0.1 mg cm-2 to 2 mg cm-2, indicating a
tunable optical performance (Figure 5.3e, inset). Due to the excellent light absorption
efficiency (Figure 5.5), 2 mg cm-2 experienced the largest temperature increase to 54 °C
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among the five samples after illumination by solar simulator for 600 s (D = 4 cm).
Meanwhile, there was only a slight temperature increase from 22.5 °C to 26.0 °C of the PET
film after 600 s illumination (Figure 5.3e), which indicates that the PT effect is mainly driven
by the fPT electrode materials of PEDOT:PSS.
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Figure 5.5 Absorbance spectra of PEDOT: PSS film on PET with different mass loading.

In addition, another factor affecting the heated temperature of fPT electrode materials is the
light intensity irradiated on the sample surface, which can be tuned by the distance between
the sample surface and light source. As calibrated by a silicon diode (Hamamatsu S1133), the
light intensity irradiated on the sample could be tuned to set points at 1468 W m-2, 2000 W m2

, and 2353 W m-2 when the distance is 6 cm, 4 cm, and 2 cm, respectively (Figure 5.3f).

Accordingly, the heated temperature of PEDOT:PSS film was found to be 38 °C, 55 °C, and
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70.1 °C respectively, which is inversely proportional to distance and in direct proportion to
light intensity. This reveals the strong dependency between PT effect and light intensity.

Therefore, it can be conceived that the temperature increase of the fPT electrode under
substrate is mainly influenced by the transmittance of the substrate, solar absorbing and PT
conversion effect of the PTE materials, and the intensity of the light sources.

5.3.2 Photothermoelectrochemical performance of the assembled PTEC device

To examine the electrical output generated by the temperature gradient induced from the fPT
electrode, a PTEC device was fabricated as shown in Figure 5.6a. The fPT electrode
(PEDOT:PSS or PEDOT:PSS- rGO) under the SubFT (PET or KT film) was placed on top of
the device, which acted as both photothermal converter and hot electrode. A PEDOT:PSS
film on Kapton worked as bottom cold electrode, which was adhered to an aluminium plate to
act as a heat sink (T = 22 ℃) and ensure consistent temperature of the cold electrode during
each test. Gel electrolytes (p-type: CMC-K3/4Fe(CN)6, n-type: PVA-FeCl2/3, respectively)
were employed here. The device was then exposed to a solar simulator for
photothermoelectrochemical (PTEC) performance testing.
As shown in Figure 5.6b, once illuminated, the open circuit voltage (Voc) of the p-type PTEC
device increased sharply in the first 30 seconds and gradually stabilized after approximatley
100 seconds. Upon removing the illumination, the voltage dropped again to zero over a time
period of 30 seconds. This indicates that the electrical response through an increase of open
circuit voltage was fully induced by the applied light source. Among the three samples, PTEC
device with PEDOT:PSS/PET combination displayed the highest VOC (15 mV), whereas the
PEDOT:PSS/KT and rGO-PEDOT:PSS/PET counterparts only delivered VOC of 12 mV and
8 mV, respectively. This result is consistent with the pattern of temperature increases
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previously recorded for these three samples in Figure 5.3c. It is also noted that in Figure 5.3c,
the temperature increase of PTE electrode is more than 30 °C, whereas in this case the actual
∆T between hot and cold electrode was only 13.6 °C (calculated from the Voc and Seebeck
coefficient = 1.1 mV K-1 of the gel electrolyte). This is due to the relatively short distance (2
mm) between the two electrodes for wearable functionality and comfort (thin device is
needed). Heat conduction from high temperature to low temperature sides through electrolyte
cannot be avoided in such a short distance and the actual temperature difference will be
decreased relatively, which has been demonstrated by Choi et al.[17]

Figure 5.6 Photothermoelectrochemical performance of the assembled PTEC device. a)
schematic illustration of the set-up and characterization method of the PTEC device; b) and c)
the photothermoelectrochemical performance (output voltage, current and power output
versus voltage) of PTEC devices with different fPT electrode/ f&t assemblies (PEDOT:
PSS/PET, PEDOT: PSS/KT, and PEDOT: PSS-rGO/PET) in p-type and n-type devices,
respectively.
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The other two vital important parameters of photothermoelectrochemical performance:
current and power outputs of this PTEC device were also tested. All the three PTEC devices
show simple linear current-voltage and parabolic power-voltage relationships, which are
typical characteristics of thermoelectrochemical (TECs) devices. Due to the superior VOC, the
PTEC device delivered a maximum short circuit current density (JSC) of 10.8 A m-2 and
maximum power density (PMAX) of 46.5 mW m-2(Figure 5.6b). In terms of long-term
performance, the JSC over time was measured (Figure 5.7) and the long-term PMAX/∆T2
(PMAX=1/4 × JSC × VOC) was calculated. Similar with the TEC devices reported in literature,
the current output and PMAX/∆T2 decreased from an initial peak to stabilize after 10 min of the
PTEC discharge. This decrease is a limitation of all gel-related TECs due to the low diffusion
rate of redox couples in gel electrolyte. Likewise, PTEC device with PEDOT:PSS/PET
combination display the largest long-term stable JSC of 1.37 A m-2 and PMAX/∆T2 of 5.13 mW
m-2 (Figure 5.7).

Figure 5.7 Long-term short circuit current density versus time of p-type PTEC devices.
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As mentioned above, the temperature increase of the fPT electrode is related to the light
intensity tuned by distance between light source and the top surface of SubFT. The
relationship of PTEC performance and the distance between the light source and the PTEC
device was also investigated. When the light was on, the VOC increased rapidly and reached
stable values of about 12 mV, 15 mV and 20 mV corresponding to the various distance of
about 6 cm, 4 cm and 2 cm from the source. The delivered JSC and PMAX also changed
accordingly to be 9.2 A m-2 and 31 mW m-2, 10.8 A m-2 and 46.5 mW m-2, 14 A m-2 and 79
mW m-2, at the same respective distances of 6, 4 and 2 cm (Figure 5.8).

Figure 5.8 PTEC performance of the p-type device under different light distance.

The PTEC device using an n-type gel electrolyte (PVA-FeCl2/3) was also optimized in order
for its operating performance to reach a comparable level to that of the p-type counterpart
(Figure 5.6c). As anticipated, the PTEC device with PEDOT:PSS/PET combination exhibited
the highest VOC of 7.1 mV due to the superior PT effect of PEDOT:PSS/PET in comparison
to the other investigated combinations. It also delivered the largest JSC of 8.57 A m-2, which is
comparable to that of the p-type PTEC devices, although slightly lower. The n-type cell
performance at various distances (D=2 cm, 4 cm, and 6 cm) was also examined, which all
yielded linear V versus I and parabolic P versus V relationships (Figure 5.10). In terms of
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long-term current output, the JSC was 1.53 A m-2 after 10 mins discharge, slightly larger than
p-type PTEC devices (Figure 5.9). Owing to the comparable level of both the instantaneous
and long-term current between the p-type and n-type PTECs with PEDOT:PSS-PET
combination, the potential for effective p-n in-series connection could be expected.

Figure 5.9 Long-term short circuit current density versus time of n-type PTEC devices.

Figure 5.10 PTEC performance of the n-type device under different light distance.
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5.3.3 A pair of p-n cells

As mentioned above, the selection criteria for effective series connection between p-type and
n-type PTEC device is the comparable output current between each device, which has been
achieved herein via the optimization of fPT electrode/ SubFT combinations. Here, a typical
pair of p-n cells were fabricated and examined, where the optimized combination of
PEDOT:PSS/PET, cold electrode of PEDOT:PSS on KT, n-type electrolyte of PVA-FeCl2/3
(1 M FeCl2/3), p-type electrolyte of CMC-K3/4Fe(CN)6 [0.4 M K3/4Fe(CN)6] were used
(Figure 5.11a). The assembled p-n series device was attached on an aluminum plate for
consistent temperature of cold electrode. Output of the integrated device was examined under
controlled conditions od a solar simulator. It can be observed in Figure 5.11b that the p-n cell
achieved a VOC of 21 mV when the distance between light and the device was 4 cm, which is
the sum of the absolute value of each component (14.8 mV for p-type device, and 7.2 mV for
n-type device). Further, the short circuit current (ISC) was maintained at 0.83 mA, equal to the
current in n-type cell (0.85 mA) but slightly lower than it in p-type cell (1.08 mA). Power
delivery of the p-n pair reached 5.99 μW, almost the sum of p-type (4.56 μW) and n-type
cells (1.44 μW). The results indicate that the p-n series connection between the optimized
cells is relatively effective. The p-n cell performance at various distances (D=2 cm, 4 cm, and
6 cm) was examined(Figure 5.11c and 5.11d), which all yielded linear V versus I and
parabolic P versus V relationships. The results indicate the p-n cell was stable at different
solar illumination power.
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Figure 5.11 A pair of p-n cells. a) Schematic illustration and photo of the p-type and n-type
device connected in series (denoted as p-n cell). b) photothermoelectrochemical performance
(current and power output versus voltage) of the p-type, n-type and p-n cells. (D = 4 cm) c)
voltage and d) current and power output versus voltage of the p-n cells at different distance
between the solar source and the device surface.

5.3.4 Prototyping multiple p-n cells

To further promote the application in real electronics, a prototype device containing multiple
p-n cells (18 pairs) connected in series was fabricated. As shown in Figure 5.12a, a designed
pattern of 36 PEDOT:PSS electrodes connected by platinum film were coated on a PET
substrate to act as the PT converter. Another pattern of PEDOT:PSS-platinum connection on
KT substrate worked as a cold electrode array. The p-type and n-type gel electrolytes were
alternatively placed in between the fPT and cold electrodes, confined by a 3D printed acrylate
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spacer (thickness = 2 mm) with 36 windows (0.5cm × 0.5cm for each cell, 3.8 cm × 3.8 cm
for the full cell). Upon light illumination, the voltage of the multiple p-n PTECs increased
quickly from 0 to 320 mV over a period of 50 seconds (distance between light and device = 4
cm), which demonstrated the successful connection between the 18 pairs of p-n cells (Figure
5.12b). The steep decline of voltage to 0 mV after the illumination was removed (“Light off”
state) is indicative of the electrical power output being driven by light. Further, various
commercial electrochemical supercapacitors (SCs, Capacitance = 1, 4.7, 22, 47 and 100 mF)
were connected to the light irradiated PTEC arrays (Figure 5.12c). 1 mF SCs can be charged
to more than 300 mV and SCs with larger capacitance were charged to about 250 mV (Figure
5.12d). This is due to the decreased charging rate of SCs along with time due to the relatively
decreased long-term performance of the gel electrolyte.[30] The results indicate the great
potential of light illuminated PTECs in real electronics.

‘

Figure 5.12 Multiple p-n cells. a) structure illustration of 18 pair p-n cells. b) voltage versus
time of 18 pair p-n cells with and without light illumination. c) photo and d) supercapacitor
open circuit voltage of 18 pair p-n cells charging a supercapacitor under light illumination.
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5.3.5 Wearable p-n cells

In order to realize wearable application, a flexible PTEC device is preferred. Despite the
electrodes and electrolyte being highly flexible, the larger deformation (mostly stretching) of
the top electrodes compared to the bottom electrodes makes it hard to conform to a curved
surface. For this purpose, a PTEC with a watch-strap shape and as per our previous
developed designs[30] (Figure 5.13a, the bottom electrodes between p-n cells were electrically
connected on KT substrate, but the top electrodes were not connected and separated on
different substrate) were fabricated as shown in Figure 5.13b. Meanwhile, the flexible PTEC
array device was stuck on the 3D-printed thermally conductive aluminium bracelet in order to
keep relatively identical temperature of all the bottom electrodes. We demonstrate that the
flexible watch-strap shaped PTEC array device can be easily worn on the human arm (Figure
5.13c). Once irradiated by light, the device can charge to about 160 mV (8 pairs in series) as
shown in Figure 5.13d. The demonstration shows the promise of flexible PTEC arrays in
wearable applications.
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Figure 5.13 Flexible and wearable p-n cells. a) schematic illustration, b) and c) photos, and d)
open circuit voltage of the flexible watch-strap shaped PTEC array harvesting solar energy.

5.4

Conclusion

To conclude, we have firstly developed wearable PTEC cell consisting of multiple p-n cells
via the optimization of fPT electrode materials, SubFT, p-n matching and device design. The
fPT electrode of PEDOT: PSS on PET SubFT shows excellent solar absorbing and
photothermal conversion performance, as well as good photo-thermo-electrochemical
performance in both p-type and n-type gel electrolytes. The comparable current output
between p-type and n-type PTEC single device enables the effective matching of p-n cell.
The fabricated array with 18 pairs of p-n cells with a an output above 300 mV under solar
simulator illumination and capacity to charge supercapacitors to above 250 mV, shows the
potential for these devices in powering real consumer electronic devices. The demonstration
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of a watch-strap style integrated device worn on the wrist and the solar light driven voltage
output indicates the potential in wearable application. In addition, it is noted that the materials
utilized in this work (including the fPT electrode, cold electrode, gel electrolyte) can be easily
acquired and the fabrication processes can be easily implemented, making it promising in
large-scale commercialization. Therefore, we believe the wearable PTEC developed in this
work will provide new insight into the future harnessing, on a commercial level, of solar heat
to power the next-generation of wearable electronics.
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Chapter 6 Conclusion and Perspectives
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6.1 General conclusions

Figure 6.1 Illustration of thesis project outline.

To conclude, this thesis has been focused on the facile fabrication methods of electrodes for
wearable thermocell devices, which have potential in the use of wearable electronics. In
Figure 6.1, wearable electrode materials, suitable technologies were optimized to achieve
advanced device performance step-by-step.

Particularly, the project started with the novel preparation of flexible PEDOT/PSS based
films via laser-etched method. The prepared film has high electrical conductivity and good
electrolyte ion accessibility to the inner surface of electrode materials which increases the
number of reaction sites. These reaction sites can also have fast electron transfer kinetics for
the redox couples. Optimized PEDOT/PSS/EFG/CNT electrodes in terms of open circuit
voltage of 12.2 mV, JSC of 18.5 A m−2, maximum power density of 72.9 mW m−2, and a high
PMAX/∆T2 value of 0.73 mW K−2 m−2 at ∆T = 10 °C which are comparable to literature values
for high-performance electrodes in p type electrolyte system. The laser-etched PEDOT/PSS
electrodes delivered the open circuit voltage of 8.5 mV, JSC of 17.4 A m−2, and maximum
power density of 38.3 mW m−2 in n type electrolyte system.
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This 3D porous architecture could increase the surface area of the electrode, resulting a high
electrochemical performance. We designed and fabricated a 3D printer to print 3D porous
electrode for the use of wearable thermocell devices. Improved performance is due to the
porous structure, the open and surface porous structure, enabling a high ion-accessible
surface area with high electrical conductivity. Meanwhile, due to good wettability of PEDOT:
PSS, the electrolyte can penetrate into the cross-section channels of 3D micro electrode that
allow a high degree of electrolyte/electrode surface for redox reactions to occur, resulting in
high thermocell performance. After optimization of n type device, the PEDOT: PSS electrode
delivered the open circuit voltage of 6.5 mV, JSC of 26.1 A m−2, and maximum power density
of 44.3 mW m−2. For p type device, the PEDOT: PSS electrode performed the open circuit
voltage of 9.0 mV, JSC of 27.5 A m−2, and maximum power density of 65.8 mW m−2.

The laser-etched and 3D printed wearable integrated thermocell devices with arrays of n-p
pairs (n and p type device connected in series) were both developed, the comparable
performance of the n-p type thermocells enabled the serial connection of 18 pairs of
individual n-p cells resulting an output voltage of 0.36 V (laser-etched electrode thermocell)
and 0.27 V (3D-printed electrode thermocell) when △ T = 10 K. The wearable serial
thermocell devices was also fabricated into a strap design, which can harvest body heat and
charge commercial supercapacitor devices (100 mF) and power a lab timer or LED, clearly
demonstrating the practical application of this n-p type configuration. It is notable that all the
electrode fabrication techniques utilized in this work including laser-etching and 3D printing
are simple and practical for large-scale production. Therefore, we anticipate these wearable
devices in this project has great potential in the realistic application of wearable electric
systems.
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Furthermore, we have firstly developed wearable PTEC cell consisting of multiple p-n cells
via the optimization of fPT electrode materials, SubFT, p-n matching and device design. The
fPT electrode of PEDOT: PSS on PET SubFT shows excellent solar absorbing and
photothermal conversion performance, as well as good photo-thermo-electrochemical
performance in both p-type and n-type gel electrolytes. The comparable current output
between p-type and n-type PTEC single device enables the effective matching of p-n cell.
The fabricated array with 18 pairs of p-n cells with an output above 300 mV under solar
simulator illumination and capacity to charge supercapacitors to above 250 mV, shows the
potential for these devices in powering real consumer electronic devices. The demonstration
of a watch-strap style integrated device worn on the wrist and the solar light driven voltage
output indicates the potential in wearable application. In addition, it is noted that the materials
utilized in this work (including the fPT electrode, cold electrode, gel electrolyte) can be easily
acquired and the fabrication processes can be easily implemented, making it promising in
large-scale commercialization. Therefore, I believe the wearable PTEC developed in this
work will provide new insight into the future harnessing, on a commercial level, of solar heat
to power the next-generation of wearable electronics.

6.2

Perspectives

We discussed recent advances in developments of thermo-electrochemical cells. These
devices have made remarkable progress over the last decade owing to various breakthroughs
in materials science and nanotechnology. Despite of the facile and practical strategies in
scalable fabrication of high-performance flexible thermocells provided in this thesis, further
improvements are still required in both materials and engineering aspects to achieve industrylevel performance and promote manufacture process. Next, we discuss four directions for the
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future development of achieving higher thermo-electrochemical performance and practical
applications. (Figure 6.2).

Figure 6.2 Perspectives on future developments and remaining challenges in thermoelectrochemical devices. (a) Utilize active electrode materials and design various printing
patterns (b) Device fabrication of TECs. Utilizing series connection of TEC devices, design
large-scale manufacture TECs, and combine emerging 3D printing technique. (c) Fully 3D
printed TECs will be needed. Reproduced with permission.[1] Copyright 2018, Cell Press. (d)
Future developments of photothermocells.

Electrode materials and future TEC devices properties. To realise wearable thermocells
with high performance, novel active electrode materials should be developed for these energy
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devices. Flexible materials with high surface area, low tortuosity, and high electrical and
thermal conductivity are desired in achieving high performance TEC devices. These
characteristics ensure a high ion accessible surface area, unobstructed ion diffusion
architecture, and good thermal transfer.[2] Nanostructured carbon materials (e.g., carbonnanotube and graphene), PEDOT: PSS and their nanocomposites are ideal candidates and
have been widely developed.[2] The defined design of the porosity (including the size, density,
uniformity, and morphology of pores) according to the nature of the conductive ion is
necessary. In addition, wearable thermocell devices contact with the human body directly, so
TEC devices should be safe and waterproofing. On the one hand, many researchers have been
developing nontoxic aqueous electrolytes. For the future work, it is better to convert
conventional organic electrolytes into gel polymer or solid electrolytes to avoid leakage
problem. On the other hand, as some TEC devices can be wearied on clothes, it is necessary
to know whether they are washable. Meanwhile, waterproof TEC devices can avoid the
concerns, including electrodes adhesion, dilution of electrolyte and corrosion of
encapsulation materials. Researchers have demonstrated good washability of electrodes and
device-level waterproof supercapacitors.[3] However, achieving washable TEC devices still
has a long way to go. Besides safe and waterproofing properties, the rapid growth of
wearable electronic devices has increased the demand for reliable stretchable and flexible
electronic products. Additionally, recently reported stretchable materials made from carbon
nanotube or PEDOT: PSS, makes it possible to prepare a stretchable electrode in the near
future. For instance, researchers have developed highly stretchable microsupercapacitor
arrays with honeycomb structures. This stretchable microsupercapacitor show high potential
for integration with other electronics, such as energy harvesters, power management circuits,
wireless charging circuits, and various sensors. [4] For future work, stretchable TEC devices
with various physical structures (e.g., wavy, crumpled, and cellular) would be directly
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fabricated. This strategy will provide new insights in developing next-generation highly
customized stretchable TEC devices. Apart from above mentioned strategies, researchers can
also consider electrode architectures with well-defined morphologies.[2] For example,
fabrication of electrodes with interconnected architectures is particularly important for
achieving high electrochemical performance, because the inter-connected networks could
provide well-developed electron conduction channels in prepared electrodes. These porous
structures could significantly reduce path tortuosity and lengths for ion diffusion, which can
effectively enhance interactions between the electrode and electrolyte.

Device fabrication. It is still necessary to connect the n-type and p-type device in series, as
the voltage generated by the temperature difference between the skin and the external
environment of a single device cannot meet the needs of wearable electronics.[5] Before
designing the p-n connection circuit, researchers should consider the comparable current
output (individual n and p type device) which is very important to make full use of the
electric energy generated by the thermal gradient. Fabricating p-n series circuits with lowcost and p-n cells with precisely localised electrodes and electrolytes are also encouraged to
promote large-scale fabrication and realize commercialization. So far, many studies are based
on small size of TECs (e.g., 1 cm*1 cm), which means that when scaled up to larger devices,
their mechanical and electrochemical performances may be greatly influenced. Therefore,
large-scale manufacture is also significant for TECs, as large TECs would be developed into
wearable clothes, T-shirt, etc. The scalability challenge which needs researchers to solve is
how to choose the desired fabrication methods. Traditional fabrication methods including
dip-coating, screen printing, and three-dimensional (3D) printing should be combined with
manufacturable machines used in industry that have large-scale ability. Among them, threedimensional (3D) printing could provide customised construction, fast design, and rapid
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prototyping; enable the formation of the sandwiched structured device with 3D features,
tailored to a custom body part. Researchers will need to investigate how 3D printing
technique can be scaled up and how the increases in size will affect TECs performance,
which could be highly challenging.

Fully 3D-printed TECs. Developing fully 3D-printed TECs, which is essential for fully
integrated manufacturing, is still challenging for 3D printing communities.[1] Most developed
3D printing techniques can only manufacture a single component of TECs (e.g., electrodes,
electrolytes, and encapsulation materials). To address this issue, a printer with multiple
printing heads can be further developed; the multiple heads can alternately print various
materials from electrode to electrolyte so as to integrate and enhance the process far beyond
the limits of a conventional 3D printer. The next point to note is that researchers can also
work on planar fully 3D-printed TECs. Active material inks will be directly printed onto a
soft biocompatible substrate. For instance, compared with traditional sandwiched thermocells,
planar designed thermocell devices that have the cathode、anode and electrolyte on one
plane will have ultrathin thickness, so they can conform well to the human body and capture
the heat more efficiently. With induced thermal barrier and heat absorber, they are able to the
generate temperature gradients along each single cell during operation and convert heat into
electricity.

Photothermocell devices. The strategy developed in this work was applicable to
photothermocell based on excellent light-absorbing material. Future research may involve
further improving solar thermal conversion efficiency and other factors, as well as more
precisely manipulating the electrochemical performance by light illumination.[6] To further
enhance the solar thermal conversion efficiency, it is advantageous that the material
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components have high solar thermal conversion efficiencies and the device has an optimized
architecture to maximize light absorption. To manipulate the electrochemical performance
more precisely, it is feasible to increase the light power density by adding an optical
concentrator between the light source and the device. In addition, it is favourable to use
material components with high thermal conductivities which can help make the device
temperature uniform; Moreover, by coating or encapsulating with thermal insulation
materials would not only help to make the device temperature uniform but also reduce the
dissipation of solar thermal energy, which may face a compromise with light absorption
though.

In summary, traditional fabrication techniques have considerable potential regarding TECs.
However, they are complex, and their areal electrochemical performance cannot meet the
requirements of real-world applications. Laser-cutting, 3D printing and drop coating methods
are expected to offer the possibility of novel TECs construction. Meanwhile, with the
ongoing development of advanced fabrication technologies and materials, we believe that
versatile TEC devices will be available soon.
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